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I. PROGRAM SUMMARY
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The Highlights Building is a 25,000 ft , three story
 
suburban office building located at 2200 West Fifth Avenue in
 
Columbus, Ohio. The solar energy system installed in the build­
ing has 2,978 ft2 of Honeywell single axis tracking, concentrating
 
collectors and provides solar energy for space heating, space cool­
ing and domestic water heating in the building. Figure 1 is an
 
aerial view of the Highlights Building from the southeast showing
 
the solar collectors in the tracking position.
 
The Highlights Building solar energy system was designed by
 
the Columbia Gas System Service Corporation. Solar system con­
struction was jointly funded by the U.S. Department of Energy and
 
Columbia. Construction was started in October, '1977 and completed
 
in June, 1978. Installation and startup of the DOE Site Data
 
Acquisition System was completed in August, 1978 as was system
 
acceptance testing. The solar system was operated each work day
 
for the first ten months with some observation by a technician.
 
The solar energy system was placed in fully automatic, unattended
 
operation in May, 1979.
 
The Highlights Building solar energy system collected 167.5
 
million BTU's in 1979. The seasonal solar collector field efficiency
 
is currently 20% based on total solar radiation and 34% based on
 
direct solar radiation. The solar energy system is providing approxi­
mately 7% of all the current building thermal energy demand.
 
Figure 1
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II. HIGHLIGHTS BUILDING DESCRIPTION
 
The Highlights Building is a three-story 25,000 sq. ft.
 
office building located in a suburban setting in metropolitan
 
Columbus, Ohio. The building is owned by Highlights for Children,
 
Inc., publishers of Highlights For Children magazine and other
 
children's educational materials. The building is leased in its
 
entirety to the Columbia Gas System Service Corporation and is
 
occupied by employees of the Columbia Gas System Service Corporation,
 
the Columbia Gas Distribution Companies and the Columbia Gas
 
Transmission Corporation. Appendix A contains photographs showing
 
the four faces of the building prior to installation of the solar
 
energy system. The front of the building faces south.
 
The Highlights Building is of pre-stressed concrete column
 
and beam construction with pre-stressed concrete flexcore floors and
 
roof. The exterior of the building is finished with glazed brick
 
veneer. 
The windows on the south side of the building are recessed
 
to provide shading during the cooling season.
 
The Highlights Building is occupied 50 hours per week from
 
7:00 a.m. to 5:00 p.m., Monday through Friday, by approximately 60
 
persons. Appendix B contains floor layout diagrams for the build­
ing. The Columbia Gas System Service Corporation's Stationary
 
Department occupies the first and second floors and the north portion
 
of the third floor of the building. The south portion of the first
 
floor is dedicated to storage of paper stock. 
The north portion of
 
the first floor is utilized by the Shipping and Receiving Department.
 
The second floor consists of stationary offices, layout area and
 
production facilities. The north portion of the third floor consists
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of document assembly, finishing and packaging. The remainder of
 
the third floor consists primarily of office space.
 
Energy for heating and cooling and for domestic water
 
heating in the Highlights Building is provided by natural gas.
 
A 1,200,000 BTU/hour Bryan water-tube gas boiler provides hot
 
water for space heating and space cooling in the building. In the
 
space heating mode the hot water is distributed to finned coils
 
located in the air handling system on the second and third floors
 
of the building and to finned tube radiators beneath the windows,
 
which control moisture condensation on the surface of the glazing.
 
Heating on the first floor is provided by hot water unit heaters.
 
Space cooling is provided by a 100 ton Arkla hot water
 
fired absorption chiller. Cooling on all three floors is provided
 
by chilled water finned coils located in air handlers on the second
 
and third floors and on the rear portion of the first floor. Build­
ing thermostats are maintained at 650F during the winter and at
 
78°F during the summer, with the exception of the Stationary Depart­
ment press room and work-in-process storage areas which are main­
tained at 720F throughout the year.
 
Domestic water heating in the Highlights Building is pro­
vided by a 50 gallon natural gas domestic storage water heater.
 
Storage tank temperature is maintained at 1400 F. Primary use for
 
this domestic water is cleaning of photographic plates.
 
The air distribution system for space conditioning on the
 
second and third floors of the Highlights Building is a two-deck,
 
continuous air volume system. The building was originally designed
 
to provide for concurrent operation of the hot and cold decks,
 
with terminal blending as required by individual zone control
 
thermostats. The system is currently operated 10 months of the
 
year with either the hot deck or the cold deck activated, depend­
ing on the season of the year. The non-conditioned deck recircu­
lates air through the building to provide terminal mixing and
 
permit continuous air delivery in the occupied areas of the build­
ing, even when no heating or cooling is required for the room
 
thermostats. For approximately 30 days in the Spring and 30 days
 
in the Fall both the hot deck and cold deck are activated.
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III. 	- BUILDING ENERGY CONSERVATION
 
The Columbia Gas System Service Corporation implemented
 
a significant energy conservation program in the Highlights
 
Building starting in 1973. Figure 2 is a plot of the monthly
 
energy consumption in the Highlights Building for the years
 
1973 through 1977.
 
Columbia's energy conservation program consisted of the
 
following major elements:
 
1. 	Reduction of winter thermostat settings from 720F to 650F.
 
2. 	Increase of summer thermostat settings from 720 F to 780F.
 
3. 	Reduction of building makeup air.
 
4. 	Operation of space conditioning system as an economizer
 
cycle, as permitted by outside weather conditions.
 
5. 	Reduction of the outdoor air temperature setting which
 
signals operation of the finned tube radiation heaters
 
beneath the building windows.
 
6. 	Reduction of the summer boiler firing temperature to
 
improve boiler and absorption chiller performance.
 
7. 	Reduction of boiler input and installation of a
 
permanent restrictor in the boiler flue to improve
 
seasonal efficiency.
 
8. 	Night and weekend set back of the space heating thermo­
stat to 500 F.
 
9. 	Elimination of air-conditioning operation during periods
 
when the building is unoccupied.
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The cumulative effect of the energy conservation measures listed
 
above was an 82% reduction in building thermal energy requirement.
 
In 1978, the Stationary Department experienced problems
 
with curling of work-in-process paper on the production floor
 
over a weekend. The problem with the paper was traced to the loss
 
of temperature and humidity control in the building over the week­
end because the building air-conditioning system was not being
 
operated. As a result of this incident, the heating and air
 
conditioning control schedule for the production floor of the
 
Highlights Building was changed to maintain 720F throughout the
 
year. With these changes in the environmental control schedule
 
for the second floor the annual thermal energy consumption in the
 
Highlights Building has approximately doubled from the minimum
 
consumption achieved during calendar year 1977; however, current
 
thermal energy consumption is still only 45% of the energy consumed
 
during calendar year 1973 when the energy conservation program was
 
initiated. Table 1 presents the building natural gas consumption
 
by month for the years 1973 through 1979.
 
HIGHLIGHTS BUILDING
 
NATURAL GAS CONSUMPTION
 
(In Thousands of Cubic Feet)
 
.January 

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

Total 

1973 

680 

746 

623 

670 

708 

1120 

1051 

1005 

1042 

964 

651 

507 

9767 

1974 

441 

476 

350 

338 

527 

1031 

.887 

1029 

783 

639 

720 

693 

7914 

1975 

637 

394 

239 

225 

201 

376 

529 

616 

412 

128 

144 

249 

4150 

1976 

353 

277 

163 

118 

95 

217 

239 

337 

198 

73 

296 

344 

2710 

1977 

203 

151 

56 

63 

97 

110 

109 

227 

199 

79 

126 

230 

1650 

1978 1979
 
255 314
 
293 398
 
196 363
 
66 226
 
219 439
 
573 522
 
440 417
 
454 455
 
501 473
 
386 349
 
236 290
 
351 309
 
3970 4555
 
TABLE 1
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IV. SOLAR ENERGY SYSTEM DESCRIPTION
 
A. Solar System Schematic
 
The Highlights Building solar energy system provides
 
solar energy for space heating, space cooling and domestic hot
 
water as 	a supplement to the existing natural gas boiler and
 
domestic 	storage water heater. Figure 3 is a schematic of the
 
solar energy system and its interconnections with the existing
 
building 	space heating, space cooling and domestic water heating
 
systems. The solar energy system consists of two fluid loops:
 
the primary loop through the solar collectors and, the secondary
 
loop which is an extension of the existing building HVAC loop.
 
The interface between the two loops is the solar heat exchanger.
 
As shown in Figure 3, the solar energy system is installed in
 
parallel with the existing building HVAC boiler and in series with
 
the existing domestic hot water heater.
 
B. 	Solar System Operation and Control
 
The Highlights solar energy system is designed to operate
 
automatically. The control system is comprised of hard wired
 
components and the control logic circuits provide unattended operation
 
of the solar system. Solar system safeties have been incorporated
 
to prevent unsafe conditions from occurring the the event of control
 
system or solar system failure.
 
The Highlights solar control system has five stand alone
 
control logic circuits that operate independently and provide sepa­
rate control logic for five major solar subsystems. The following
 
is a discussion of the function and operation of the separate control
 
logic circuits.
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1. Solar Collector Loop Pump Control
 
Figure 4 presents a block diagram of the solar collector
 
loop pump logic. The solar collector loop pump (Pump P-Il) is
 
energized whenever solar radiation is greater than 100 BTU/hr-sq.ft.
 
The control system initially included an Eppley Model 8-48
 
pyranometer with an associated custom engineered circuit to convert
 
the pyranometer analog signal to a relay contact closure. 
The set
 
point for the relay contact closure was manually adjustable and the
 
relay closed at a higher solar radiation level than the level at
 
which it opens. The pyranometer sensed total solar radiation on a
 
fixed surface tilted at 40 degrees.
 
In February of 1980, the Eppley pyranometer was replaced
 
by a Honeywell sun sensor for the reasons discussed later in Section
 
VII, Paragraph I. The Honeywell sun sensor utilizes eight silicon
 
photo sensors, with each sensor having a field of view of approxi­
mately 300 in azimuth and 500 in elevation. The combination of
 
eight sensors provides complete coverage of all sun angles through­
out the year without automatic sun tracking or manual adjustment
 
of sun sensor elevation. The 300 x 500 field of view provides an
 
approximation to the desired 30 conical field of view of a tracking
 
pyrheliometer but has no moving parts and does not require tracking
 
mechanisms.
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The outputs of all eight sensors are continuously monitored
 
and the maximum level is compared to an adjustable reference voltage.
 
If the maximum sensor level exceeds the manually adjustable threshold
 
level, a time delay relay (TDR-2 on Drawing 95177060 in Appendix C)
 
is energized. TDR-2 energizes the solar collector loop pump relay
 
(R-2) immediately. When a cloud passes over the sun sensor signal
 
will be lost. TDR-2 is an off delay relay that starts a delay period
 
when the signal from the sun sensor is lost. This TDR continues to
 
energize normally open (N.O.) Relay R-2 for 10 minutes after loss
 
of sun signal. The solar collector loop pump therefore continues
 
to operate for this 10 minute period.
 
SOLAR COLLECTOR LOOP PUMP CONTROL 
208 YAC 
ENERGIZE ENERGIZE
 
RADIATION YES TIME DELAY PUMP P-11
 
GREATER THAN RELAY RELAY
 
10 BTu/HR. TDR-2 R-2
 
- 2 N.O.
 
FGE 
FIGURE 4 
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2. Solar Collector Master Control
 
Figure 5 is a block diagram of the solar collector control
 
logic. Several sensors provide information to the solar collector
 
master controller. Depending on this information a series control
 
circuit will (or will not) issue a "track authorize" to the solar
 
collector local controllers. All of the following conditions must
 
be met before a track authorize signal is issued:
 
* Conventional (not emergency) electric power available.
 
* Flow in primary loop.
 
* Storage tank temperature less than 2300 F.
 
* Wind speed below 30 mph.
 
* Solar radiation above 100 BTU/hr-ft
2
 
* Solar collector loop temperature less than 250 0F.
 
* Authorize signal time delay.
 
* Solar collector control switch.
 
The following is a discussion of the rationale and imple­
mentation of the conditions required to issue the track authorize
 
signal.
 
Electric Power Safety - In the event of loss of conventional
 
electric power, a motor generator is automatically started to provide
 
backup power to operate the solar collector controls, to operate
 
SOLAR COLLECTOR CONTROL
 
Is 
EMERGENCY 
POWER TRANSFER 
SWITCH 
ENGAGED? 
Is 
DIFFERENTIAL 
PRESSURE 
ESTABLISHED? 
STORAGE 
TANK TEMPERATURE 
GREATER THAN 
230OF? 
Is 
WIND 
SPEED ABOVE 
30 MPH? 
WAS SUN 
AVAILABLE 
ANY TIME DURING 
LAST TEN 
MINUTES? 
NO (1) YES (1) NO (1) 
NO 
NO (1) 
(1)(YE 
120 VAC 
TRANSFER 
SWITCHCOTCS 
NC. T. 
RELAY 
R-3 
RELAY 
PE-3 
N.C. 
RELAY 
LR1 
N.C. 
RELAY 
R-2 
N.O. 
-4 
Is 
PRIMARY 
LOOP TEMPERATURE 
GREATER THAN 
250 F? 
HAS 
AUTHORIZE 
SIGNAL PERSISTED 
FOR 2 
MINUTES?.y 
Is 
SOLAR 
COLLECTORCONTROL SWITCH 
ONO SLLE 
ONN 
(1) RESPONSE SHOWN ISTHE STATE REQUIRED 
TO ISSUE AUTHORIZE 
SIGNAL TO SOLAR COLLECTOR LOCALCONTROLLERS 'YES' 
RY 
WILL NOT ENGAGERELAY. 
NO (1) YES (1) 
YES (1) 
CONTROLLERTC-2OTRELAY 
NC 
N.C. 
TIME DELAyTOR 
TDR-1 
SOLAR 
COLLECTORCONTROL SWNTCL 
SWITCH 
F.O. S-4 
120 VAC TRANSFORMER/ 
RECTIFIER 
24 VDC MASTER CONTROL 
AUTHORIZE SIGNAL TO 
SOLAR COLLECTOR 
LOCAL CONTROLLERS 
FIGURE 5 
16 
the solar collector loop pump, and to drive the solar collectors
 
to the stow position. When there is loss of conventional power,
 
auxiliary contacts in the transfer switch open which removes the
 
24 VDC authorize signal to the solar collector local controller.
 
The local controllers will sense the loss of signal and return
 
the solar collectors to the stow position.
 
Solar Collector Loop Flow Safety - The solar collector
 
loop pump control was discussed in the previous section. A differ­
ential pressure switch contact is closed when the solar collector
 
loop pump is energized and the pump head is established. This
 
differential pressure switch acts to close N.O. Relay R-3 on
 
Drawing 95177060 in Appendix C. The closure of R-3 contacts is one
 
of the series connected events required to authorize the solar
 
collectors local controllers.
 
High Tank Temperature Safety - Sensor T-5 on Drawing 95177060
 
senses storage tank temperature and provides an analog pressure
 
signal to Controller C4. Controller C4 will cause pressure relay
 
PE-3 to open the N.C. contacts of PE-3 at temperatures above 230 0F.
 
If the contacts of PE-3 are opened the 24 VDC authorize signal will
 
be removed at all of the solar collector local controllers. These
 
eleven solar collector local controllers will sense this loss of
 
signal and return the solar collectors to the stow position.
 
High Wind Safety - A Weather Measure Corp. Model Number
 
W-161 wind sensor is used to detect wind speed. When a wind speed
 
above 30 mph (adjustable) is detected, Relay R-1 on Drawing 95177060
 
is activated and normally closed contacts are opened. The opening
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of Relay R-l contacts will remove the 24 VDC authorize signal
 
to the solar collector local controllers. The local controllers
 
will sense this loss of signal and return the solar collectors
 
to the stow position.
 
Solar Radiation Sensor - The solar radiation sensor and
 
control logic was discussed in the Solar Collector Loop Pump
 
Control Section. When the solar radiation sensor level exceeds a
 
manually adjustable threshold level, a time delay relay (TDR-2 on
 
Drawing 95177060) is energized. TDR-2 energizes N.O. Relay R-2
 
immediately. When a cloud passes over and the sun sensor level drops
 
below the threshold setting, TDR-2 starts a 10 minute delay period.
 
TDR-2 continues to energize N.O. Relay R-2 for this 10 minute
 
period. If the sun does not return during the 10 minute delay, the
 
solar collector 24 VDC authorize signal will be removed and the solar
 
collectors will return to stow. 
TDR-2 only delays solar collector
 
return to stow in the event of loss of sun. 
 Return of solar collectors
 
to stow for any other reason except loss of sun is not delayed by
 
TDR-2. The solar radiation controller is currently set to close
 
Relay R-2 when solar radiation is above 100 BTU/hr-ft2
 
Solar Collector Loop High Temperature Safety - A Honeywell 
temperature sensor (Sensor T-4 on Drawing 95177060) senses the solar 
collector outlet temperature. If the solar collector outlet temper­
ature exceeds 2500 F, controller TC-2 opens normally closed (N.C.)
 
contacts. The opening of these contacts will remove the 24 VDC
 
authorize signal to the solar collectors. The local controllers
 
will sense this loss of signal and return the solar collectors to
 
the stow position.
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Authorize Signal Time Delay - A time delay relay, TDR-l,
 
is included in the collector authorize signal series circuit to
 
prevent short cycling of the solar collector drive motors. TDR-1
 
is an "on delay" relay. When the solar collector authorize signal
 
is removed (even for an instant), TDR-l does not allow the authorize
 
signal to be reissued for 2 minutes (adjustable). The collector
 
authorize signal must persist for 2 minutes before the authorize
 
signal is issued to the solar collector local controllers.
 
Solar Collector Control Switch - A manual control switch,
 
Switch S-4 on Drawing 95177060 Sheet 2, is included in the solar
 
collector authorize signal series circuit. Switch S-4 allows an
 
operator to manually return all collectors to the stow position
 
for maintenance, etc.
 
3. Solar Collector Local Control
 
The solar collector local control includes a Honeywell
 
Flux Line Sun Tracker (FLST), a microprocessor based controller.
 
The FLST consists of two primary parts, the sensor head and the
 
electronic controller. The sensor head is mounted to the absorber
 
tube housing and contains sensors positioned on each side of the
 
absorber tube.
 
The Flux Line Sun Tracker Control System operates in two
 
primary modes.
 
" Acquisition
 
* Tracking
 
During the acqusition mode, the microprocessor continuously scans
 
the track authorize discrete input port. When wake-up authoriza­
tion is sensed, the drive motor electronics are activated to drive
 
the collector forward. The flux sensors in the sensor head are
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continuously scanned. 
When flux of about 3X concentration is
 
sensed on one of the sensors, the collector is then incremented
 
until the flux beam is centered on the receiver tube and the
 
sensors are balanced. The flux line sun tracker acquisition mode
 
is then changed to the tracking mode. During the tracking mode,
 
concentrated solar flux reflected from the solar reflector panels
 
is focused between the sensors and on the absorber tube. The
 
electronic controller operates the solar collector panel drive
 
motor forward or backwards as required to keep the flux line
 
between the sensors.
 
Sensor placement and drive time are the only adjustments
 
necessary during installation for proper collector tracking.
 
Internal control damping is used to delay control due to wind gusts,
 
spurious solar reflections, etc. This damping feature prevents
 
oscillations and excessive cycling. 
If the sun goes behind a
 
cloud for 30 minutes, the controller initiates a search scan once
 
every 10 minutes to reestablish solar lock-on. 
 If the track
 
authorize signal is removed, the collectors are stowed.
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4. Solar Heat Exchange Bypass Control
 
The Dowtherm SR-I and water heat transfer fluid in the solar
 
collector loop will cool to approximately outdoor ambient temperature
 
during overnight periods. During the winter months in Columbus, Ohio,
 
this will often be below the freezing point of water. For solar
 
system start-up at low temperature the solar collector loop fluid
 
is bypassed around the solar heat exchanger. This prevents very
 
cold Dowtherm SR-l (which at start-up has not been heated in the
 
solar collectors) from entering the primary side of the solar heat
 
exchanger and freezing the water on the secondary side of the heat
 
exchanger. This heat exchanger bypass control is shown in'Figure 6.
 
SOLAR HEAT EXCHANGER BYPASS CONTROL
 
POSITION COL R POSITION 
VALVE V-3 No LO YES VALVE V-3 
FOR TEMPERATURE FOR 
BYPASSGREATER THAN HEAT EXCHANGE 
OPERATION OPERATION 
FIGURE 6
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5. Solar Storage Loop Pump Control
 
Rust inhibited water is pumped through the secondary side
 
of the solar heat exchanger to the building heating/cooling system
 
and/or to solar storage by the solar storage loop pump (Pump P-10).
 
The solar storage loop pump is only operated when the primary loop
 
pump (Pump P-11) is energized and when the solar collector loop
 
temperature is 10OF higher than the solar storage tank temperature.
 
A solar storage loop pump control block diagram is shown in Figure 7.
 
SOLAR STORAGE LOOP PUMP CONTROL
 
208 VAC 
YES 
TUPP-1EMPERATURE 
YES 
ENERGIZE 
PUMP P-10 
RELAY 
P-11AUX C-IN.O. 
No No 
FIGUREA7 
L NO ACTION INO ACTION1 
FIGURE 7
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6. 	Solar Energy/Natural Gas Switchover Control
 
The Solar Energy/Natural Gas Switchover Control is
 
designed 	to operate the Highlights Building Heating and Cooling
 
system entirely on solar energy when the storage tank temperature
 
is above 	140 0F in the winter and 190OF in the summer. The building
 
space heating system requires 1400F hot water and the absorption
 
chiller 	used for space cooling during the summer requires 1900 F
 
hot water.
 
When the 	temperature in the solar energy storage tank is
 
below the temperature required for the building HVAC system (1400F
 
winter/1900F summer) all solar energy collected by the solar
 
collector loop is delivered through the solar heat exchanger to
 
the 5,000 gallon thermal storage tank. The solar energy storage
 
loop is isolated from the building HVAC system by the actions of
 
valves V-1 and V-2, shown on Drawing ME-2 in Appendix E. Circulation
 
in the solar storage loop is provided by pump P-10. The system
 
continues to operate in this mode until the solar storage tank
 
temperature reaches 1400F in the winter and 1901F in the summer.
 
When the temperature in the solar energy storage tank
 
exceeds the required operating temperature for the building UVAC
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system (1400F winter/190Or summer) gas supply to the HVAC system
 
boiler is interrupted and valves V-i and V-2 are repositioned to
 
permit flow from both the solar energy storage tank and from the
 
solar collector loop to be delivered to the HVAC system. This mode
 
of operation continues until the temperature of the hot water
 
delivered by the solar energy system to the HVAC system has dropped
 
below 1830 F during cooling operation or 1300 F during space heating
 
operation. The control system then returns the building HVAC system
 
load to the natural gas boiler until the hot water temperature
 
available from the solar system is again adequate to carry the
 
building load. A block diagram of the solar energy/natural gas
 
switchover control is presented in Figure 8.
 
The solar energy system can supply energy from the thermal
 
storage tank to the building HVAC loads during periods when there
 
is no solar energy available to be collected if the temperature in
 
the thermal storage tank exceeds the minimum operating temperatures
 
required by the building HVAC system (140 0F for space heating and
 
190OF for space cooling). In this mode, when the building HVAC
 
system controls call for heating or cooling operation energy is
 
withdrawn first from the solar energy storage tank rather than from
 
the natural gas boiler. 
Solar energy is used until the delivered
 
water teffperature from the solar energy storage tank drops below the
 
minimum temperatures required by the HVAC system. The controls
 
then switch the HVAC loads from the solar energy system to the
 
natural gas boiler.
 
The control system drawings for the Highlights Building
 
solar energy system are contained in Appendix C.
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SOLAR ENERGY/NATURAL GAS
 
SWITCHOVER CONTROL
 
C 
HEATINGOCOOLINGSWITCH HEATINGNCOOLI G SWITCHCO IC 
INHEATING IN OFF IN COOLING 
YES YES YES 
IPOSITION 
STORAGE SWITCHOVER STORAGE 
TANK No VALVES V-1 No TANK 
TEMPERATURE AND V-2 TO TEMPERATURE 
ABOVE 140FF FLOW THROUGH ABOVE 190F? 
SHUT OFF 
NATURAL GAS FLOW TO PE-1SLA-
ACTIVATE 
RELAY COIL STORAGEASPE-
ACTIVATE 
TDR-1 
BOILER R-1 COIL 
POSITION 
SWITCHOVER 
VALVES V-1 
AND V-2 TO 
FLOW THROUGH 
SOLAR STORAGE 
TANK 
FIGURE 8 
25 
7. Domestic Hot Water Solar Preheat
 
All city water used to supply domestic hot water in the
 
Highlights Building passes through an immersion coil heat exchanger
 
in the solar energy storage tank. Stored solar energy is auto­
matically used to preheat this city water whenever the temperature
 
in the storage tank exceeds the city water temperature. The degree
 
of preheat provided to the domestic water is a function of the hot
 
water flow rate and the temperature in the solar storage tank.
 
C. Solar Collectors
 
The solar collector field at the Highlights Building
 
consists of 2,978 ft2 of Honeywell single axis tracking, concen­
trating solar collectors. The collector field is arranged in 11
 
east-west oriented rows with four collector panels per row. Each
 
solar collector row operates independently under the control of
 
an 
individual local controller and sun tracking system. Figure 9
 
is an aerial view of the solar collector field on the roof of the
 
Highlights Building.
 
The Honeywell solar collector includes a half parabolic
 
reflector that has a 50.76" aperture. The half parabolic reflector
 
has a 20 mil aluminum skin adhesive-bonded to each side of an
 
expanded aluminum honeycomb core. The edges of the honeycomb panel
 
are closed with extruded vinyl channel sections mounted with epoxy
 
and sealed with silicon rubber caulk. The half parabolic reflector
 
panels were fabricated for Honeywell by Hexcel Corporation, a
 
manufacturer of aluminum honeycomb products. 
The focal length of
 
the reflector panel is 36 inches and the rim angle is 720.
 
Figure 9
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A reflective film was applied by Hexcel Corporation to
 
the concave side of all reflector panels. The reflective film is
 
FEK244, a back aluminized self-adhesive acrylic film manufactured
 
by 3M Corporation. Specular reflectivity of this film is nominally
 
83 percent when first installed.
 
Each 16 foot long reflector panel is reinforced with four
 
expanded aluminum honeycomb strongback supports which maintain the
 
reflector curvature and provide structural support for the arms
 
which mount the absorber housing. These structural supports were
 
adhesive-bonded and mechanically fastened with sheet metal screws
 
to the back side of the reflector panel by Honeywell. As shown in
 
Figure 10, the strongback supports are riveted to 4" x 4" structural
 
steel tubing which is the primary torsional load bearing member of the
 
collector panel.
 
Figure 10
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The ends of the solar collector panels, except at the
 
center drive pylon, are supported by 1-3/4 inch babbitt Link Belt
 
bearings. Height and positional alignment of the bearing mounting
 
plates is accomplished with an adjustable four bolt assembly. The
 
connection and alignment of adjacent solar collector panels is
 
accomplished with mating flanges. These mounting details are shown
 
on Figure 11.
 
Figure 11
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Solar energy is reflected from the solar panel onto a 1-1/4"
 
outside diameter steel tube. This absorber tube is selectively
 
coated with Harshaw black chrome over bright nickel electroplated
 
by Honeywell. Solar spectrum absorptivity as applied was 95%.
 
Infrared emissivity was 12%. The selectively coated tube is mounted
 
at the focal point of the half parabola.
 
The back side of the absorber tube is enclosed and insulated
 
with an extruded aluminum housing containing preformed THERMO-12,
 
a hydrous calcium silicate insulation manufactured by Johns-Manville
 
The concentrated solar radiation from the reflector passes through
 
a single thickness of etched low iron glass which closes the absorber
 
housing. Non-specular aluminum reflectors are mounted on both sides
 
of the absorber tube to reflect scattered radiation onto the absorber
 
tube. Figure 12 is a line drawing of the Honeywell collector.
 
PARABOLIC CONCENTRATING COLLECTOR
 
INSULATION 
BLOWN-UP SELECTIVE COATED
 
CROSS-SECTION r//i*Q'45r ABSORBER TUBE 
OF 
ABSORBER ASSEMBLY 
TRACKNG SNSORRETAINER CLIPTRACKING SENSOR 

-GLASSWINDOW
 
REFLECTIVESURFACE / REFLECTOR PANEL BEARING DRlVE ASSEMBLY 
SEAL 
ABSORBER ABS, E L 
SUPPRNffTASRSASML 
ROOF STRUCTURE 
Figure 12
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Each solar collector row has a drive system which consists
 
of a DEMAG cone brake motor, flange-mounted on a Winsmith 5000:1
 
speed reducer, as shown in Figure 13. Technical specifications on
 
the solar collector drive system components are included in Appendix D.
 
This drive system is capable of rotating the collector panels from
 
the stow position to the nominal tracking position in 90 seconds.
 
Figure 13
 
D. Solar Collector Loop Heat Transfer Fluid
 
The solar collector loop heat transfer fluid is a freeze
 
protected solution of 44% by volume Dowtherm SR-l (ethylene glycol)
 
and 56% by volume water. The solar collector loop is provided
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with manual fluid makeup to assure consistent concentration of the
 
anti-freeze in the heat transfer fluid. 
The solar collector loop
 
is monitored for corrosion by a prototype automatic corrosion
 
monitoring system being field tested in cooperation with Argonne
 
National 	Laboratories and Texas Instruments.
 
E. Solar Heat Exchanger
 
Heat is exchanged between the solar collector fluid loop
 
and the storage loop in 
a Bell & Gossett shell and tube heat
 
exchanger, Model Number OF 1011-14, located in the equipment room
 
on the ground floor of the Highlights Building. 
The heat exchanger
 
has an effectiveness of 60% at design conditions. 
Technical
 
specifications for the heat exchanger are included in Appendix D.
 
F. 	Solar Collector Loop Pump
 
The solar collector loop pump (P-11) is a 75 gpm Thrush
 
pump, Model Number 2-TV-2, located in the ground floor equipment
 
room of the Highlights Building and immediately adjacent to the
 
solar heat exchanger.
 
Expansion in the solar collector loop is provided by a
 
120 gallon Bell & Gossett expansion tank mounted in the penthouse
 
at the top of the mechanical corridor at roof level.
 
G. Thermal Energy Storage Tank and Enclosure
 
Storage energy storage in the Highlights Building system
 
is provided by a 5,000 gallon capacity, low profile ASME pressurized
 
storage vessel produced by the Adamson Tank Company. Expansion
 
in the storage loop is provided by a 529 gallon Adamson expansion
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tank located immediately adjacent to the storage tank. 
 The storage
 
tank and expansion tank are located in a building addition con­
structed 4' below grade level on the east wall of the Highlights
 
Building. Addition of this structure was required because there
 
is no space available in the Highlights Building equipment room
 
for a large solar energy storage tank, and because the Highlights
 
Building is constructed on a limestone and shale outcropping which
 
would have made burial of the storage tank prohibitive.
 
H. 	Storage Loop Pump
 
The storage loop pump (P-10) is a 95 gpm Thrush pump,
 
Model 2-TV-2, located in the equipment room immediately adjacent
 
to the solar heat exchanger.
 
I. Domestic Hot Water Preheat System
 
All city water flowing to the domestic hot water system
 
in the Highlights Building passes through a Bell & Gossett immersion
 
tank heater, Model Number TCW-696, mounted through the upper side­
wall of the solar energy storage tank. The temperature of the pre­
heated water delivered to the natural gas fired storage water heater
 
is a function of domestic water flow rate and the solar storage tank
 
temperature. 
The natural gas-fired storage water heater is maintained
 
at a minimum tank temperature of 1400F. The system is provided with
 
a Hydroguard water mixer which automatically blends cold city water
 
with hot water from the domestic storage water heater prior to
 
delivery if the solar preheated water in the domestic storage water
 
heater exceeds the desired hot water delivery temperature.
 
33 
J. Emergency Power System
 
The Highlights Building solar energy system includes an
 
emergency generator to drive the collectors to the stowed position
 
in the event of a power failure. An Onan 30 kW (37.5 KVA) three­
phase AC generator set, Model Number 30.0 EK-15R, interfaces with
 
the building electrical system through an Onan automatic transfer
 
switch. The generator and transfer switch are shown in Figure 14.
 
The automatic transfer switch automatically starts the
 
standby generating set on interruption-of normal power and transfers
 
the load circuits when the set reaches proper speed and voltage.
 
When normal power resumes, the automatic transfer switch retransfers
 
the load to the line and stops the generating set. The power source
 
being connected to the load supplies the switching power.
 
ORIGINAL PAGE IS 
Figure 14 OF POOR QUALITY 
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V. SOLAR ENERGY SYSTEM INSTALLATION
 
The Highlights Building solar energy system installation
 
was jointly funded by the U.S. Department of Energy and the Columbia
 
Gas System Service Corporation under Agreement Number EG-77-A-01-4089.
 
Columbia functioned as the prime contractor for the installation.
 
A. Consulting 	Engineer
 
On-site supervision of construction was provided by:
 
H. A. Williams 	and Associates, Inc.
 
980 West Henderson Road
 
Columbus, Ohio 43220
 
B. Construction Subcontractors
 
Columbia's construction subcontractors were:
 
Mechanical: 	 Sauer, Inc.
 
747 Chambers Road
 
Columbus, Ohio 43212
 
Electrical: 	 Burroughs-Hatfield Electrical Co.
 
527 East Hudson
 
Columbus, Ohio 43202
 
General: 	 J. P. O'Connor Company
 
659 North Fourth Street
 
Columbus, Ohio 43215
 
Controls: 	 Honeywell, Inc.
 
1320 Dublin Road
 
Columbus, Ohio 43215
 
Steel J. T. Edwards Company

Fabrication: 1241 McKinley Avenue
 
Columbus, Ohio 43222
 
Sheet Metal: 	 Martina Metal Contracting Company
 
1575 Shawnee Avenue
 
Columbus, Ohio 43211
 
Insulation: 	 Earl Bright & Company
 
970 Higgs Avenue
 
Columbus, Ohio 43212
 
35 
C. Construction Schedule
 
The actual construction schedule for installation of
 
the solar energy system in the Highlights Building is shown in
 
Table 2. Columbia experienced significant schedule delays due
 
to winter weather and delays in delivery of the solar collectors
 
and the storage vessel. Construction of the solar energy system
 
and installation of the government data acquisition system were
 
completed in July, 1978. The government SDAS was placed in
 
operation in early August, 1978.
 
D. 	Construction Problems and Resolution
 
Several problems arose before and during installation of
 
the solar energy system. The following identifies the major
 
problems and the corrective action taken.
 
I. Solar 	Collector Absorber Tube Interference
 
The .Highlights Building solar energy system was designed
 
during the third and fourth quarters of 1976, and was proposed to
 
U.S. DOE under ,PON - Cycle 2 for commercial buildings in November,
 
1976$ Columbia's technical proposal described a 3324 sq. ft.
 
solar collector field consisting of 12 rows of Honeywell single
 
axis tracking, concentiating solar collectors.
 
During the period when DOE was evaluating the technical
 
and cost proposals submitted in.response to the PON - Cycle 2
 
solicitation, Honeywell finalized the design of their solar
 
collector for the Columbia installation and similar installations
 
at Honeywell's General Office Building in Minneapolis, Minnesota
 
CONSTRUCTION, INSTRUMENTATION AND EVALUATION SCHEDULE
 
Milestone 

Initial Design Review 

Final Design Review 

Start Solar System Installation 

Solar Collector Delivery 

Complete Major Component Delivery 

Complete Sensor Delivery 

Site Data Acquisition System Delivery 

Complete Solar System Installation 

Complete Instrumentation Installation 

Begin Operation of Site Date Acquisition System 

Complete Acceptance Testing 

Open House Ceremonies 

End of Demonstration Period 

Original 

Schedule 

Sept. 20, 1977 

Oct. 14, 1977 

Oct. 17, 1977 

Nov. 1, 1977 

Nov. 1, 1977 

Jan. 2, 1978 

Feb. 1, 1978 

Feb. 15, 1978 

March 1, 1978 

-

July 1, 1978 

July 15, 1978 

July 1, 1983 

Actual
 
Completion
 
Oct. 4, 1977
 
Nov. 15, 1977
 
Oct. 17, 1977
 
Jan. 16, 1978
 
April 18, 1978
 
June 15, 1978
 
Jan. 25, 1978
 
July 12, 1978
 
July 26, 1978
 
Aug. 10; 1978
 
May 16, 1979
 
Dec. 6, 1978
 
May 16, 1984
 
TABLE 2
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and a Westpoint Pepperell fabric mill at Fairfax, Alabama. In
 
August, 1977, Honeywell informed Columbia that they had changed
 
the parabolic shape and the focal length of the reflector, which
 
resulted in an increase of 4 inches in the swing radius. This
 
change would have caused interference between the absorber housings
 
of adjacent rows in certain rotational modes, which could have
 
resulted in damage to the collectors.
 
Columbia and H. A. Williams identified two potential
 
solutions to this interference problem.
 
a Design and install a system to control the rotation
 
of collectors to assure that the absorber housings of
 
adjacent rows could not both be in the interference
 
region at the same time.
 
* Redesign the solar collector field and increase the row­
to-row spacing to eliminate the interference between
 
adjacent rows. This change required reducing the number
 
of solar collector rows from twelve to eleven.
 
Columbia elected, with DOE approval, to eliminate one row of
 
collectors from the solar collector field rather than to design
 
an interference prevention system.
 
2. Solar Collector Drive Change
 
In August, 1977, Honeywell also changed the solar collector
 
gear reducer/drive motor design. The orginal design included a
 
gear reducer/drive motor for each pair of solar collector panels.
 
The new design has four solar collector panels driven by a single
 
gear reducer/drive'motor. This design change, which occurred
 
after construction drawings were completed and construction bids
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were finalized, required a relayout of the solar collector support
 
posts, most of the solar collector loop plumbing and the solar
 
collector drive motor wiring.
 
3. solar Collector Panel Edge Sealing
 
The Hexcel reflector panels used in the Honeywell solar
 
collector were equipped with extruded plastic edge caps to prevent
 
water from entering the honeycomb panel. These end caps were
 
attached to the reflectors with epoxy, but were not waterproofed
 
with a resilient caulk between the plastic cap and the surfaces of
 
the reflector panel. Honeywell identified this deficiency after
 
the solar collectors were delivered to Columbia. The solar col­
lectors were moved from the construction site to the pilot plant
 
of Columbia's research facility, uncrated, sealed with silicon
 
rubber caulk, recrated and redelivered to the building site.
 
4. Storage Tank Foundation
 
For the reasons discussed in Section IV, Paragraph G,
 
the site selected for the 5000 gallon solar energy storage tank
 
was adjacent to the east side of the Highlights Building (see
 
Drawings G-1 and G-2 in Appendix E). Excavations performed at
 
the site indicated that loose fill was present in the storage tank
 
footing areas. In order to properly support the weight of the
 
storage tank and to prevent damage to concrete encased telephone
 
conduits located in the area, excavation was continued to a depth
 
where solid bearing material appeared. Excavation was required
 
to a depth approximately'3-1/2 feet below the finished floor
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elevation. The foundation volume below the 6 inch, 4000 psi
 
concrete floor slab was filled with K-CRETE, a low density,
 
2000 psi concrete.
 
5. Solar Collector Panel/Support Post Interference
 
Honeywell was not in a position to supply detailed shop
 
drawings of the solar collector, which would have permitted support
 
system design by Columbia and H. A. Williams and Associates. There­
fore, Honeywell designed the support posts to support the solar
 
collector system and established the post-to-post spacing required
 
for proper collector mounting. J. T. Edwards and Company fabricated
 
the support posts to the Honeywell design and they were installed
 
by Sauer, Inc. to the Honeywell specifications. Sauer identified
 
an error in the Honeywell design when they attempted to mount
 
the first collector panels between the support posts. The solar
 
collector panels would not fit between the post caps of the
 
collector mounting system.
 
Columbia and H. A. Williams identified a solution to this
 
problem which required field cutting of thedlateral post cap pro­
trusions into the space between the posts, and field welding of new
 
post caps with increased extension perpendicular to the collector
 
row to permit mounting of the adjustable .bearingmounting plates.
 
6. Solar Collector Panel/Local Controller Interference
 
The Honeywell local controller box for each solar collector
 
row was designed to be mounted to the center support post of each
 
row parallel to the axis of rotation of the solar collector row.
 
Columbia identified potential interference between the local
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controller box and the solar collector panel when the panel was
 
rotated. The local controller box mounting was modified to
 
allow mounting the local controller perpendicular to the solar
 
collector axis of rotation. This eliminated the interference
 
problem.
 
7. 	HVAC Duct Interference
 
The solar collector mounting posts were designed to be
 
fastened to the roof of the building with bolts that extended
 
through 	the roof. At several solar collector post locations there
 
was building heating and air conditioning duct work immediately
 
below the roof. The insulated HVAC ductwork had to be removed
 
in order to gain access to the underside of the roof in these
 
locations. After the solar collector support posts were bolted
 
in place 	the HVAC ductwork was replaced.
 
8. 	Speed Reducer/Motor Drive Revisions
 
Numerous rework operations were required to properly mount
 
the solar collector electric drive motor on the speed reducer. The
 
speed reducer to motor adapter plate supplied by Honeywell was made
 
incorrectly and had to be remachined by Columbia. 
The key supplied
 
for the metric Demag motor keyway did not fit and had to be ground.
 
The speed redhcer to motor flexible coupling did not fit the motor
 
and had to be machined. Honeywell had no provision in the design
 
to prevent the flexible coupling from sliding along the shaft and
 
contacting the cone flange motor mount. Columbia added set screws
 
to the couplings as required to solve this problem.
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9. Absorber Tube Welding Problems
 
Considerable difficulty was encountered in field Heliarc
 
welding the 0.090 inch wall hydraulic tubing used for the absorber
 
tube. Windy conditions on top of the Highlights three story office
 
building in April and May of 1978 posed great difficulties to main­
taining the inert gas shield surrounding the Heliarc weld zone. A
 
welding tent had to be improvised in order to shield the welding
 
from the wind. This tent had to be moved throughout the solar
 
collector array to the fifty-five absorber tube welding locations.
 
Additionally, the ends of the absorber tubes were beveled, rough
 
and not cut off squarely. This posed very difficult problems for
 
the welder attempting to butt weld in the field. Numerous absorber
 
tube butt welds had tiny pin holes that could only be found during
 
high pressure leak testing of the solar collector loop. These butt
 
welds had to be rewelded which required several drain downs of the
 
system, refills and repressurization to check for leaks.
 
It is also speculated that the electroplated selective coat­
ings applied to the absorber tube may have contaminated the hydraulic
 
steel tubing weldment and contributed to the weld porosity problem.
 
No laboratory analysis was undertaken to substantiate this theory.
 
Arc welding of the schedule 40 pipe throughout the remainder
 
of the solar system and the HVAC plumbing system posed no problem
 
for the mechanical contractor.
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VI. Solar System Acceptance Testing
 
Acceptance testing of the Highlights Building solar energy
 
system was conducted in August 1978. Key tests were performed in
 
the presence of the DOE Contracting Officers Representative. The
 
most important deviation from system design identified during
 
acceptance testing was incorrect operating temperatures of the
 
individual high temperature limit switches for each of the solar
 
collector rows. These high temperature limit switches were
 
operating at temperatures approximately 100F higher than called
 
for in the construction specifications. The switches were replaced
 
by the Honeywell Controls Division.
 
During acceptance testing it was determined that focused
 
sun light reflected from the solar panel would burn the absorber
 
tube insulation under certain conditions. Each 16 foot long half­
parabolic reflector panel has a 16 foot long section of active solar
 
absorber tube. The piping at both the inlet (west end) and outlet
 
(east end) of each 16 foot long section of active absorber tube is
 
covered with Armaflex insulation. Due to the off perpendicular
 
incident angle of the sun's rays with all sun hours before noon,
 
the half-parabolic solar reflector panels focus high concentrations
 
of solar flux on the Armaflex insulation that is immediately to the
 
west of the active area of the solar absorber tube. Similarly, with
 
all sun hours after solar noon, the half-parabolic solar reflector
 
panels focus high concentrations of solar flux on the Armaflex insu­
lation that is immediately to the east of the active area of the
 
solar absorber tube. The Armaflex insulation cannot withstand the
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high surface temperatures that result from the high concentrations
 
of solar flux. Therefore, aluminum sheet metal shields were fabri­
cated and installed over the Armaflex insulation in areas adjacent
 
to the active area of the solar absorber. The aluminum sheet metal
 
shields were installed with a controlled air gap between the shield
 
and the Armaflex insulation.
 
During acceptance testing an override switch was installed
 
on the field controls that will allow an operator to electrically
 
control all of the solar collector motor drive assemblies on days
 
when there is no sun. This override switch allows operation of the
 
solar collectors for maintenance, repair or demonstration on cloudy
 
days.
 
The maximum rotational angle for each solar collector row
 
is controlled by a roller plunger microswitch that contacts a cam
 
lobe on a cam surface on the speed reducer flange for that row. As
 
a solar reflector panel approaches the maximum rotational angle the
 
roller plunger microswitch will roll up the cam lobe of the cam
 
surface and the control logic will return that row to the stow
 
position. During acceptance testing it was determined that by the
 
middle of November some of the solar collector rows had already
 
reached the maximum rotation angle and the control logic was return­
ing these rows to the stow position. New cam surfaces were fabri­
cated with a profile that will allow all rows to rotate about 5
 
more degrees and to track the sun down to the lowest point in the
 
sky on December 22nd. These new cam surfaces were installed and
 
aligned with the roller plunger microswitches.
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During acceptance testing a problem was encountered with
 
the lubrication oil in the Winsmith three stage helical speed
 
reducers. The speed reducers were supplied with 90W oil which
 
becomes very viscous at low temperatures. At temperatures below
 
300F the drive motor could not turn the speed reducer because of
 
the high internal drag. Columbia drained and refilled the eleven
 
Winsmith gear reducers in the Highlights Building solar energy system
 
with 80W oil which allows operation of the speed reducers down
 
to -100 F.
 
During acceptance testing it was necessary to install a
 
sheet metal pan and drain under the new solar collector loop fluid
 
lines that pass over the elevator controls. New building codes in
 
Franklin County, State of Ohio required this change.
 
Testing by Columbia during the acceptance tests indicated
 
severe limitations in the ability of the shadow band solar trackers
 
to accurately track the sun during the range of sky conditions
 
experienced in Columbus, Ohio. 
This situation was discussed with
 
Honeywell, and Columbia was assured that control system modifications
 
to correct this problem would be implemented in the Columbia solar
 
trackers. With this assurance, Columbia accepted the solar energy
 
system. The Columbia acceptance test plan for the Highlights
 
Building solar energy system is contained in Appendix F.
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VII. POST INSTALLATION SOLAR SYSTEM MODIFICATIONS
 
Several modifications of the Highlights Building Solar
 
Energy System have been made since the system was installed. These
 
modifications were undertaken to correct original design deficien­
cies and to improve system performance and reliability. The follow­
ing identifies the major improvements made to the solar system.
 
A. Sensor Modifications
 
The Highlights Building solar energy system is monitored
 
with a DOE furnished Site Data Acquisition System (SDAS). The
 
sensors for the site data acquisition system were installed by
 
Columbia as directed by I.B.M. Federal Systems Division. The two
 
Ramapo MARK-V flow meters supplied by I.B.M. for the domestic hot
 
water measurement were fabricated with a stainless steel strain
 
gage connection flange and a brass line housing. The joint between
 
the stainless steel flange and the brass body failed on both of
 
these flow meters soon after installation. These two flowmeters
 
were removed and two new Rampo flowmeters installed. I.B.M. Federal
 
Systems Division then identified that the intermittent flow pattern
 
of the domestic hot water system could not be accurately established
 
with SDAS instantaneous flow rate scans every 5.33 minutes.
 
At I.B.M. Federal Systems Division's request the two Ramapo
 
flow meters used to measure domestic hot water flow were replaced
 
by accumulating flow meters with magnetic pickups. These flow
 
meters did not operate properly with the hot water supplied by the
 
solar system and were often subject to seizing. This gave rise to
 
periods when the flow meter was continuously indicating no flow.
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The domestic hot water plumbing was changed a third time
 
to accept Hersey American water meters. 
These water meters have
 
improved the reliability and accuracy of the domestic hot water
 
flow measurements. However, several repairs of these meters have
 
also been required.
 
B. 
Solar Collector Drive Motor Modifications
 
The Highlights Building solar collector drive motors have
 
an integral cone brake that does not allow the motor to coast when
 
the motor is de-energized. 
The DEMAG cone brake motors selected
 
by Honeywell had steel-on-steel brake surfaces. 
The motors deliver­
ed to the site were not weatherproofed, although they were speci­
fied for outdoor-installation. Constant exposure to ambient moisture
 
during the construction phase of the program caused all of the cone
 
brake surfaces to rust together. When the solar collectors were
 
authorized by the controls to rotate into the track position, the
 
solar collector drive motors could not rotate due to the brake lining
 
rusting and adhering to the cone.
 
The situation was 
further aggravated by the accumulation
 
of rain water in the bottoms of several of the motor cases. The
 
drive motors were temporarily modified by installing a rubber gasket
 
in the motor end-bell to minimize direct rain penetration. However,
 
ultimate solution of the problem required installation of weather­
proofed end-bells and sealing of the electrical junction boxes on
 
the motors to prevent moisture intrusion into the motor housings
 
and electrial junction boxes.
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C. Solar Collector Speed Reducers Repairs
 
Winsmith 5000:1 speed reducers were supplied by Honeywell
 
with the solar collectors. Many of the speed reducers have develop­
ed gasket leaks between the speed reducer housing and the inter­
mediate shaft adapter. The problem in every case has been corrected
 
by replacing the gasket and properly tightening the bolts that hold
 
the intermediate shaft adapter to the housing. This repair, which
 
requires several man-hours of field labor to repair each gear
 
reducer, appears to be necessary only because the bolts are not
 
properly tightened at the factory. No re-occurrence of the problem
 
has been noted for any repaired units.
 
One flexible coupling between the electric motor and the
 
speed reducer slipped on the shaft. The coupling contacted the cone
 
flange motor mount which prevented that solar collector row from
 
rotating. All of the electric motors and couplings in the field
 
were removed and the couplings were retrofitted with two set screws
 
to prevent them from moving on the shaft.
 
D. Solar Collector Absorber Tube Housing Modifications
 
The glass cover on the absorber tube housing are held in
 
place with aluminum strips fastened with small screws. At times
 
when the concentrated solar flux line from the reflector panel is
 
focused on these aluminum strips, the aluminum strip becomes hotter
 
than the aluminum housing. The differential expansion between the
 
aluminum strips and the aluminum housing is sufficient to shear the
 
small screws. The screws that were sheared off in the hole were
 
removed and all screws were replaced with slightly larger screws.
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The aluminum hold down strips have been retrofitted with slotted
 
holes to allow for the differential expansion.
 
E. Solar Collector Panel Modifications
 
The Hexcel reflector panels used in the Honeywell solar
 
collector are equipped with extruded plastic edge caps to prevent
 
water from entering the honeycomb panel. These end caps were
 
attached to the reflectors with epoxy, and are sealed with silicon
 
rubber caulk at the joint between the edges of the caps and the
 
surfaces of the reflector panel.
 
During the first winter the solar system was installed,
 
differential thermal expansion of the aluminum reflector panels and
 
the plastic edge caps caused the silicon rubber caulk joint to break,
 
and caused many of the caps to crack as shown in Figure 15.
 
FIGURE 15
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This permitted water to enter into the edges of the reflector panel
 
and to penetrate beneath the edges of the reflective tape which
 
forms the surface of the solar mirror. Representatives of Hexcel
 
Corporation, the solar reflector panel manufacturer, visited the
 
site in July of 1979. Hexcel attempted to identify a satisfactory
 
method for field removal of the plastic edge caps, and replacement
 
with extruded aluminum edge caps, without success. The plastic edge
 
caps were left in place and cracks were sealed with silicon rubber
 
caulk.
 
In October of 1979, 3M Corporation representatives visited
 
the Highlights Building solar energy system site. All locations
 
on the solar collector panels that had FEK-244 acrylic film delamin­
ation were repaired. The film was removed using a heat gun, solvent
 
cleaned and new FEK-244 sections were applied. This repair procedure
 
appears to give excellent results.
 
Honeywell installed stiffening ribs on the back side of
 
the solar reflectors during fabrication of the solar collector panels.
 
These stiffening ribs were permanently mounted with epoxy adhesive,
 
but were positioned and held in place by aluminum angle and screw
 
fasteners until the epoxy set. These aluminum angle sections and
 
screws were left in place in the finished collectors as shown in
 
Figure 10.
 
Water entered the back side of the solar reflectors through
 
these screw fastener holes and this water penetrated the cell structure
 
of the reflector panel. Exposure to a series of freeze-thaw cycles
 
during the winter of 1978, caused the aluminum skin of the reflector
 
panel on the concave side of the panel to separate from the cell
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structure, forming a blister. In some cases, additional moisture
 
penetrated the adjacent cells, which were exposed by separation of
 
the aluminum skin, causing the blister to expand. Appendix G con­
tains information on each collector panel identifying the number and
 
size of the freeze blisters on the reflective surface. Columbia
 
estimates that total reflective surface loss is approximately 1%.
 
Figure 16 shows one of the largest blisters. Columbia, Honeywell
 
and Hexcel have concluded that there is no practical way to field­
repair this damage. Columbia carefully caulked and sealed all of
 
the holes in the reflector panel and painted the adjacent surfaces
 
of the stiffener and the parabola to retard further moisture pene­
tration.
 
FIGURE 16
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F. Addition of Solar Collector Panel Counterweights
 
Observation of the operation of the solar collector field
 
through the winter of 1978-1979 indicated significant, but apparently
 
inconsistent, misalignment of the concentrated solar flux on the
 
absorber tubes. Further investigation revealed that a major portion
 
of this misalignment was the result of torsional twisting of the
 
reflector structure. The torsional moment which caused this twist­
ing was the result of mounting the reflector panels and absorber tube
 
from one side of the torque tube which is the main structural member
 
of the solar collector. This unbalanced load on the torque tube
 
introduced maximum torsional moment during the winter, particularly
 
in the early morning or late evening hours, when the reflector panel
 
was nearly vertical and the length of the moment arm was at its max­
imum. The unbalanced torsional loading introduced approximately
 
1-3/4 degrees of rotation, at the outboard ends of each collector
 
row. Under these conditions, if the solar flux line was perfectly
 
focused on the absorber tube at the center of each row, the center
 
of the solar flux line was 1-1/2 inches below the center of the
 
absorber tube at the ends of each row..
 
This problem was corrected by installation of a series of
 
counterweights. The design of the counterweight system is presented
 
in Appendix H. The system requires three counterweights on each
 
collector half row. These counterweight assemblies were mounted
 
on the torque tube opposite the solar collector panel and absorber
 
tube assembly as shown in Figure 17. The installation of this
 
counterweight system has virtually eliminated torsional misalignment
 
of the solar collector field.
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FIGURE 17
 
G. Storage Tank Insulation Modification
 
The 5,000 gallon solar energy storage tank at the Highlights
 
facility is insulated with four inches of 8 pound density mineral
 
wool insulation covered with a hard Portland cement finish. The
 
legs of the solar energy storage tank, the access manhole, and two
 
large tank inlet and outlet valves were not insulated during the
 
construction of the solar energy system. Early testing of the system,
 
and data from the DOE SDAS, indicated high storage losses. Columbia
 
contracted with Earl Bright & Company to install insulation on the
 
legs of the storage tank, the access manhole and the inlet and outlet
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line manual valves immediately adjacent to the storage tank. 
This
 
insulation consisted of one 
inch of Armaflex foam insulation on
 
the legs of the 'storagetank, a four-inch thick removable fiberglass
 
cover on the access manhole and three inches of fiberglass insula­
tion on the large inlet and outlet valve bodies. This reinsulation
 
of the storage tank resulted in a reduction of approximately 44%
 
in stored energy losses.
 
Storage tank losses, solar collector loop and solar storage
 
loop warm-up/cool-down losses, and a portion of the energy delivered
 
to the domestic hot water currently range from 180,000 BTU/day during
 
the winter (when the average storage tank temperature is lower) to
 
400,000 BTU/day during the summer 
(when the average storage tank
 
temperature is higher). 
 The instrumentation at the site has had
 
numerous periods when the energy delivered from the storage tank to
 
the domestic hot water system has not been measureable (see Section A
 
above). 
 Since energy delivered from the tank to the DHW is uncertain,
 
the derived tank losses are uncertain. Other problems with the I.B.M.
 
SDAS, which have been discussed in great detail in the technical
 
literature, also preclude absolute faith in the tank loss rates
 
quoted above.
 
H. Sun Tracking Controls Replacement
 
The sun tracking units for the Highlights Building concen­
trating solar collectors were Delavan Sun-Loc 1 units modified by
 
Honeywell. The Sun-Loc 1 system is 
a shadow bar type of sun tracker
 
which controls a motor drive unit that points the collector at the
 
sun. 
This tracker derives its control signal from two phototransistors
 
which are positioned so that their signals are equal when the device
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is pointed at the sun. The electronics process this condition as
 
a null signal. When the sun moves, it illuminates one phototransistor
 
and the shadow of the "shadow bar" falls on the other phototransistor
 
disrupting the null condition and causing a signal that is used to
 
control the collector motor drive. The collector is moved until the
 
signal is again nulled. This concept can be mechanized with low cost
 
components. However, operation of this type of unit in the field
 
uncovered a number of operational problems.
 
If the sun tracker was adjusted to track the sun well on
 
clear bright days, the collectors were sluggish and did not track
 
satisfactorily on less bright days. If the sensitivity of the sun
 
tracker was increased, the collectors tracked satisfactorily on less
 
bright days, but the tracker became too sensitive on clear bright
 
days and the collector oscillated continuously, driving the motor
 
alternately forward and reverse in short bursts. This collector
 
oscillatory motion, or "hunting", caused the collector drive motor
 
to overheat and the collector row was disenabled by the motor thermal
 
overl'oad.
 
Several techniques were investigated for economically con­
trolling solar tracking collectors. This effort included evaluation
 
of improvements to the existing shadow-band tracking controller, an
 
advanced shadow bar tracking system, an open loop tracking system
 
and a flux-line tracking system. These evaluations considered the
 
requirements of solar thermal installations with single-axis tracking
 
systems. Based on this evaluation, tracking concepts in which the
 
tracking error budget contained the fewest number of variables: that
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is, tracking the flux line itself and mechanically coupling the
 
tracking sensors to the absorber tube, appeared to be the most
 
promising.
 
A Flux Line Sun Tracker (FLST) Control System developed
 
by Honeywell, Inc. was evaluated at the Highlights Building solar
 
site. The FLST consists of two primary parts, the sensor head and
 
the electronic controller. The sensor'head is mounted to the absorber
 
tube housing and contains sensors positioned on each side of the
 
absorber tube. In operation the flux line reflected from the solar
 
reflector panels is focused between the sensors and on the absorber
 
tube. The electronic controller acts to keep the flux line between
 
the sensors. The philosophy of the control system is hence to position
 
the flux line on the absorber tube rather than to point the reflector
 
panel towards the sun. One of the advantages of this approach, compared
 
with the shadow-band sensor, is the elimination of the difficult roll­
axis alignment and pitch-axis alignment between the shadow-band
 
sensor and the reflector panel.
 
Columbia tested both an early hand-wired prototype and a
 
later printed circuit board model of the Honeywell Flux Line Sun
 
Tracker at the Highlights solar site in Columbus, Ohio. In our tests
 
the Flux'Line Sun Tracker exhibited high accuracy and reliability
 
in placing the flux-line on the absorber tube. The tracking accuracy
 
of this tracker, over the wide range of solar radiation levels that
 
produce useful solar energy collection, is significantly better than
 
any of the three shadow-band trackers that we previously investigated.
 
After proper mounting of the sensor head, the electronic positioning
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commands appear to be accurate to within about 0.2 degree depending
 
on solar radiation intensity. Repeatability of electronic position­
ing appears to be accurate within about 0.1 degree. The tracking
 
accuracy of the Flux Line'Sun Tracker is sufficiently high to make
 
collector tracking accuracy primarily a function of the dynamics of
 
the drive motor, the drive motor cone brake, the drive motor/speed
 
reducer coupling, etc. rather than the tracker/controller.
 
The electronics are designed to utilize microprocessor
 
based components to achieve the required logic functions. The primary
 
function of the circuit is to balance the sensor outputs by initi­
ating movement of the collector (via the drive motor). Secondary
 
functions of the circuit include search and acquire logic, collector
 
position logic, and manual control capability. With the sensors
 
operating in the edge of the concentrated flux beam, the voltage
 
balancing circuitry can be properly thresholded to ignore any changes
 
in skylight, diffuse light, or extraneous scattered light while
 
tracking the concentrated beam from the 
sun. In Columbia's testing
 
of the tracker, it was found that the microprocessor logic prevented
 
the collector oscillatory, or "hunting", motion that occurred with
 
the shadow-band controller circuitry.
 
In February of 1980, the shadow-band sun tracking sensors
 
and control electronics were replaced with the Honeywell FLST control
 
systems on all eleven rows of single-axis tracking solar collectors
 
at the Highlights site.
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I. Solar Collector Wake-up Sensor Replacement
 
In addition to sun tracking control problems, the Highlights
 
Building solar energy system was fitted with a sub-optimal wake-up
 
controller, An Eppley Model 8-48 pyranometer that senses total
 
solar radiation was mounted on a fixed surface tilted at 40 degrees.
 
The pyranometer provided an analog signal that was electronically
 
processed to generate a contact closure when the solar radiation
 
was above a threshold level. This threshold level could be manually
 
adjusted and the electronics were designed with a relay contact
 
differential so that the tracking system was enabled at a slightly
 
higher solar radiation level than that at which it was disenabled.
 
This prevented short cycling of the solar collector drive motors.
 
A 40:1 concentration ratio solar collector collects pri­
marily direct or beam solar radiation. An optimum wake-up controller
 
for a concentrating collector should be based on direct normal inso­
lation xather than total insolation. If total insolation sensors
 
are used t6 generate a wake-up command for a concentrating solar
 
collector the effects of sun angle and the ratio of diffuse to beam
 
radiation must be continuously calculated and used to correct the raw
 
total radiation sensor analog output.
 
Because of the inherent limitations of an automatic wake-up
 
controller based on total solar radiation, Columbia investigated-other
 
approaches to wake-up control. Wake-up controls based on a direct
 
normal insolation measurement, rather than a total insolation level
 
were considered. Direct normal reading pyrheliometers which are
 
available can provide this function. However, Columbia's two pyr­
heliometers at the-Highlights Building site, while very accuratei
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require continuous attention and adjustment. The proposed approach
 
to upgrading the wake-up sensor was to closely approximate the
 
desired direct normal insolation measurement with a device that has
 
no moving parts and does not require tracking mechanisms.
 
Honeywell developed and tested a concept that utilizes
 
eight silicon photo sensors mounted in a semi-circular array, each
 
sensor having a field of view of approximately 300 in azimuth and
 
500 in elevation. The 300 x 50' field of view is a compromise
 
between the total hemisphere field of view for a pyranometer and
 
the desired 30 conipal field of view of a tracking pyrheliometer.
 
The combination of eight sensors provides complete coverage of all
 
sun angles throughout the year; thus, no periodic adjustments are
 
required. The outputs of all eight sensors are continuously moni­
tored and the maximum signal level of the eight sensors is compared
 
to an adjustable reference voltage. If the maximum signal value
 
exceeds a preset level an output wake-up command is provided to the
 
solar collector field.
 
Columbia replaced the pyranometer wake-up sensor at the
 
Highlights Building solar energy system with a Honeywell wake-up
 
sensor and controller in February, 1980, in order to assure the
 
solar collector system will be activated at all times when collectible
 
direct normal solar radiation is available for the solar collectors.
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VIII. SOLAR SYSTEM PERFORMANCE
 
A summary of the operation of the Highlights Building
 
solar energy system for calendar year 1979 and the first seven
 
months of 1980 is presented in Table 3 and Table 4. Table 3
 
summarizes the solar system performance based on total solar'
 
radiation available on the solar collector surface. Since high
 
concentration ratio solar collectors nominally only collect beam
 
solar radiation, the efficiency of these collectors is often
 
reported as a percentage of beam solar radiation. Table 4 reports
 
solar collector performance based on beam solar radiation available.
 
As shown in Table 3, data for the first seven months of
 
1980, compared to the first seven months of 1979, indicates the
 
solar collector efficiency has been improved from 11.9 to 20.0
 
percent of total seasonal solar radiation. Concomitantly, as shown
 
in Table 4, the solar collector efficiency has been improved from
 
20.0 to-33.8 percent of seasonal beam solar radiation. This increase
 
in solar radiation collection is'primarily due to:
 
m 	Addition of solar collector panel counterweights in
 
April, 1979. (Discussed in Section VII, Paragraph F).
 
* 	Change from attended five-day per week solar system
 
operation before May, 1979 to unattended seven day
 
per week solar system operation after May, 197.9.
 
* 	Sun tracking controls replacement in February, 1980.
 
(Discussed iff Section VII, Paragraph H).
 
e 	Solar collector wakeup sensor replacement in
 
February, 1980. (Discussed in Section VII,
 
Paragraph I).
 
a 	Solar collector absorber tube realignment by Honeywell
 
and Columbia technicians in May, 1980.
 
HIGHLIGHTS BUILDING SOLAR ENERGY SYSTEM
 
SOLAR ENERGY COLLECTED
 
1979 1979 1979 1980 1980 
 1980
 
Solar Solar Solar 
 Solar Solar Solar
Radiation Radiation Collector 
 Radiation Radiation Collector
 
Available* Collected Efficiency Available * Collected EfficiencyMonth (Million BTU) (Million BTU) (Percent) (Million BTU) (Million BTU) (Percent) 
Jan 60.9 5.7 9.4 59.6 
 5.4 9.1
 
Feb 83.1 8.7 10.5 82.8 13.3 
 16.0
 
March 97.4 
 8.9 9.2 95.0 15.2 16.0
 
April 100.3 9.7 
 9.6 105.0 20.5 19.6
 
May 139.6 28.0 20.0 129.5 
 25.7 19.9
 
June_ 141.4 18.7 13.2 143.4 
 40.8 28.4
 
July 142.7 11.2 7.8 133.7 
 28.9 21.7
 
August 146.5 19.3 13.2
 
September 127.7 23.6 18.5
 
October 79.1 9.3 11.7
 
November 78.5 
 13.9 17.7
 
December 68.5 
 10.5 15.4
 
Total Jan-July 765.4 
 90.9 11.9 749.0 149.8 20.0
 
Total for Year 1265.8 167.5 13.2
 
• Total Solar Radiation on 2978 square feet of surface tilted at 40 degrees in Columbus, Ohio
 
Table 3
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HIGHLIGHTS BUILDING SOLAR ENERGY SYSTEM
 
Month 

Jan 

Feb 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

Total Jan-July 

Total for Year 

1979 1979 

Solar Solar 

Radiation Radiation 

Available* Collected 

(Million BTU) (Million BTU) 

35.7 

49.3 

57.4 

53.3 

92.0 

79.2 

87.8 

90.2 

85.0 

43.3 

55.9 

51.2 

454.7 

780.3 

5.7 

8.7 

8.9 

9.7 

28.0 

18.7 

11.2 

19.3 

23.6 

9.3 

13.9 

10.5 

90.0 

167.5 

SOLAR ENERGY COLLECTED
 
1979 1980 1980 1980
 
Solar Solar Solar Solar
 
Collector Radiation Radiation Collector
 
Efficiency Available * Collected Efficiency
 
(Percent) (Million BTU) (Million BTU) (Percent)
 
16.0 32.6 5.4 16.6
 
17.6 50.5 13.3 26.3
 
15.5 57.4 15.2 26.5
 
18.2 62.2 20.5 33.0
 
30.4 71.2 25.7 36.1
 
23.6 93.3 40.8 43.7
 
12.8 76.0 28.9 38.0
 
22.2
 
27.8
 
21.5
 
24.9
 
20.5
 
20.0 443.2 149.8 33.8
 
21.5
 
Direct Solar Radiation on 2978 square feet of surface tilted at 40 degrees in.Columbus, Ohio
 
TABLE 4
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The Highlights Building solar energy system collected
 
167.5 million BTU's of thermal energy-in 1979. It is projected
 
that the system should collect 264 million BTU's of thermal energy
 
in 1980.
 
Columbia's technical proposal to U.S. DOE in November
 
of 1976 projected that the proposed solar energy system would
 
provide 33% of the energy required for space heating, space cooling
 
and domestic hot water in the Highlights Building. This projection
 
was based on a proposed system with 12 rows (3324 ft2 ) of solar
 
collectors-and an annual building energy consumption of 2656 MCF/year.
 
The Highlights Building annual thermal energy requirements
 
have changed and are currently 71 percent higher than in November of
 
1976 when Columbia.'s technical proposal was prepared. 
Solar collector
 
array seasonal efficiency is 42 percent lower than projected from
 
Honeywell solar collector efficiency data. The actual beam solar
 
radiation available in Columbus, Ohio is 20 percent less than esti­
mated from information available in 1976. 
 The actual solar collector
 
array installed-is 10 percent smaller than originally anticipated.
 
The combined effect of the above changes has changed the anticipated
 
annual solar fraction to 7 percent of the energy required for space
 
heating, space cooling and domestic hot water. 
The above changes
 
are discussed in detail in Appendix I.
 
APPENDIX A. 
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FIGURE 20 (North)
 
r'IGORE 21 (East)
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FIGURE 18 (South)
 
FIGURE 19 (West)
 
OROALpCVI

OF p OR Q 1 
APPENDIX B.
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APPENDIX D.
 
SOLAR SYSTEM COMPONENT SPECIFICATIONS
 
Many standard manufacturers' products were selected and
 
purchased for the Highlights Building solar energy system. The
 
following is a brief summary of the technical specifications of
 
the major solar system components. The manufacturer's company
 
address and phone number is included for reference and further
 
information on these components.
 
A. Solar Collector Drive Motor
 
Each solar collector row is driven by a centrally located
 
brake motor which is flange-mounted on a speed reducer. The
 
brake-motor combines a cone brake and electric motor into an integral
 
unit. When the motor is energized, an axial component of the
 
magnetic field overcomes the force of the brake spring and pulls
 
the rotor into the stator and away from the cone brake. This slight
 
shift of the rotor creates a conical air gap between the brake stator
 
and brake rotor and allows the motor to run. When the motor is
 
de-energized the brake spring pushes the brake rotor surface into
 
the brake stator, stopping the motor.
 
Each solar collector row has a continuous duty 0.59 HP
 
squirrel cage brake motor with a 100 percent duty factor. The full
 
load torque and full load speed are 1.9 ft-lb and 1645 rpm, respec­
tively. The brake motor operates on 208V, 60 Hz, 3 phase power.
 
Manufacturer: 	DEMAG Corporation
 
Industrial Drives Division
 
29201 Aurora Road
 
Cleveland, Ohio 44139
 
Motor Type: KBA 71A
 
Number of Poles: 4
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B." Solar Collector Speed Reducer
 
Each solar collector row is driven by a centrally
 
located driive unit. The drive unit includes a drive motor, a speed
 
reducer and a local control box. The speed reducer is a triple
 
reduction worm gear reducer with a 5000:i reduction ratio. The
 
spged reducer has two output shafts.
 
Manufacturer: 	 Winsmith Division of UMC Lndustries, Inc. 
Sprinqfield, N. Y. 14141 
Telephon(: 71 6,/592-9311 
Product Number: 8CBTM
 
Model Number: C-0821M-6113-0O
 
C. Solar Heat 	Exchanger
 
Heat is exchanged between the solar collector fluid loop
 
and the storage loop in a shell and straight tube heat exchanger.
 
The heat exchanger is designed for a tube side (solar collector
 
loop) flow rate of 75 gpm operating with 44% by volume Dowtherm SR-i
 
and 56% by volume water. The shell side (solar storage loop) design
 
flow rate is 95 gpm operating with rust inhibited water. The tube
 
side (hot loop) design inlet and outlet temperatures are 230.0°F and
 
212.3 F, respectively. Shell side design inlet and outlet temper-'
 
atures are 200.0 F and 213.1 F, respectively. The heat exchanger
 
effectiveness.at these conditions is 60 percent, and the design heat
 
transfer rate is 600,000 BTU/hour. The total heat exchange surface
 
area is 178 square feet.
 
Manufacturer: 	 Bell and Gossett
 
Fluid Handling Division
 
8200 North Austin Avenue
 
Morton Grove, Illinois 60053
 
Model Number: 	 OF 1011-14
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D. Solar Collector Loop Pump
 
The solar collector loop pump is a line-mounted, vertical,
 
close-coupled, centrifugal pump. The design flow rate for the
 
pump is 75 gpm operating with 44% by volume Dowtherm SR-i and 56%
 
by volume water with a pump head of 50 feet. The electric motor
 
that driyes the pump is a 2-HP, 1750 rpm, 60 liz, 3-phase, 208 voLt
 
motor.
 
Pump Manufacturer: Thrush Proclucts, Tnc. 
P. 0. Box 228 
Peru, Endi ana 46970 
Telephone: 317/472-3351
 
Pump Model Number: 2-TV-2-L
 
Pump Serial Number: 6722-B
 
Motor Manufacturer: Marathon Electric Manufacturing Corp.
 
P. 0. Box 1407
 
Wausau, Wisconsin 54401
 
Telephone: 715/675-3311
 
Motor Model Number:, FL 145TTDR8664AAW Fl
 
Motor Frame Number: 145TCV
 
Motor Type: TDR BCVZ
 
E. 	Solar Collector Loop Expansion Tank
 
Fluid expansion in the solar collector loop is accommodated
 
by a 120 gallon, 125 psig, ASME compression tank mounted inside the
 
building in a penthouse at roof level. The tank is welded carbon
 
steel and is fitted with a sight level gauge and airtrol fittings.
 
Manufacturer: Bell and Gossett
 
Fluid Handling Division
 
8200 N. Austin Avenue
 
Morton Grove, Illinois 60053
 
Product Number: 477721
 
Model Number: 120
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F.- Solar Thermal Energy Storage Tank
 
So3ar energy is stored as sensible heat in a 5000 gallon,
 
A.S.M.E. unfired pressure vessel. The tank has a design working
 
pressure of,,125 psi and is A.S.M.E. inspected and stamped. The
 
tank is fitted with a 24 inch diameter inspection cover, a 150 psi
 
ANSI flange to mount the domestic hot water heat exchanger (see
 
pagagraph I below), two 4 inch flanges for inlet and outlet water
 
connections.and various other fittinqs for the pressure relief
 
valve, the drain valve and temperature sensors.
 
Manufacturer: 	 Adamson Co., Inc.
 
13200 Ramblewood Dr.
 
Chester, Virginia 23831
 
Telephone: 804/748-6453
 
Product Line: Old Dominion Iron
 
Serial No. 114-R
 
G. Thermal Energy Storage Loop Expansion Tank
 
The solar thermal energy storage loop expansion is
 
accommodated by a 529 gallon welded steel tank. The tank has a
 
design working pressure of 125 psi and is A.S.M.E. inspected and
 
stamped. The tank is fitted with a sight level glass and airtrol
 
fittings.
 
Manufacturer: 	 Adamson Co., Inc.
 
13200 Ramblewood Dr.
 
Chester, Virginia 23831
 
Telephone: 804/748-6453
 
National Board 	Number: 30748
 
Serial Number: 610-R
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H. .Solar Storage Loop Pump
 
The solar storage loop pump is a line-mounted, vertical,
 
close-coupled, centrifugal pump. The design flow rate of the
 
pump is 95 gpm operating on water with a pump head of 45 feet.
 
The electric motor that drives the pump is a 2-HP, 1750 rpm, 60 Hz,
 
3-phase, 208 volt motor. 
Pump Manufacturer: Thrush Products, Inc. 
P. O. Box 228 
Peru, Indiana 46970 
Telephone: 317/472-3351 
Pump Model Number: 2-TV-2-L
 
Pump Serial Number: 6722-A
 
Motor Manufacturer: Marathon Electric Manufacturing Co.
 
P. 0. Box 1407
 
Wausau, Wisconsin 54401
 
Telephone: 715/675-3311
 
Motor Model Number: FL 145TTDR8664AAW Fl
 
Frame Number: 145TCV
 
Type: TDR BCVZ
 
I. Domestic Hot Water Heat Exchanger
 
All city water flowing to the domestic hot water heater
 
is preheated by solar energy in a heat exchanger immersed in the
 
solar thermal energy storage tank. This domestic hot water heat
 
exchanger is flange-mounted,in the side of the solar energy storage
 
tank as shown on Figure ME-2, page 82. The heat exchanger has
 
3/4 inch O.D. copper U-tubes with total surface area of 36.2 square
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feet. The heater was specified to be supplied with brass heads.
 
The heat exchanger is designed to heat 6.9 gpm of water from
 
40 F to 140°F when the solar energy storage tank temperature is
 
180 F. At these conditions the heat transfer rate is 345,000
 
BTU/hour.
 
Manufacturer: Bell and Gossett 
Fluid iHandling Division 
8200 North Austin Avenue 
Morton Grove, 1linois 60053 
Model Number: TCW-696 
J. 	Domestic Hot Water Temperature Control Valve
 
The domestic hot water system is fitted with a water mixing
 
valve that automatically blends cold water with hot water delivered
 
from the domestic hot water storage tank as required to limit the
 
hot water delivery temperature. The mixing valve has an adjustable
 
setpoint 	which can be set to limit the domestic hot water delivered
 
to the building (i.e. limit the blended outlet water temperature
 
from the mixing valve). This valve is required to temper the build­
ing hot water supply when the temperature of the solar preheated
 
water in the domestic hot water heater exceeds the desired hot water
 
delivery 	temperature.
 
Manufacturer: MCC powers

A Unit of Mark Controls Corporation
 
3400 Oakton St..
 
Skokie, Illinois 60076
 
Telephone: 312/673-6700
 
Product Number: 434-1065
 
Model Number: 2P10
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K. 	Electric Generator
 
The Highlights Building solar energy system includes
 
an emergency generator to drive the collectors to the stowed
 
position in the event of a power failure. The electrical character­
istics for the generator include 120/208 Voltage, 104 Amps, 60 
Iz,
 
3 phase, 4 wire, 30.0 kW, 37.5 kVA at 0.8 PF. 
 The generator has
 
a Continuous Standby Rating. The engine operates on natural gas
 
at 1800 rpm with speed regulation of 5 percent. The engine is a
 
6 cylinder, 4 cycle, overhead valve design.
 
Generator Manufacturer: Onan Corporation
 
1400 73rd Avenue, N.E.
 
Minneapolis, MN. 55432
 
Model Number: 30.0 EK-15R/1699K
 
Serial Number: A780293725
 
Engine Manufacturer: Ford Motor Company
 
L. Automatic Transfer Switch
 
An automatic transfer switch automatically starts the
 
standby generating set on interruption of normal power and transfers
 
-the load when the set reaches proper speed and voltage. The transfer
 
switch has the capacity for switching a continuous rating of 150 amps,
 
and has two operating coils, electrically interlocked to provide
 
positive, electrically guided action from "normal" to 
"standby"
 
position. A mechanical interlock safety prevents both sources from
 
supplying the load simultaneously.
 
Manufacturer: Onan Corporation
 
Model Number: 
-OTUDDI50-4/12024
 
Serial Number: A780293906
 
APPENDIX E.
 
SOLAR ENERGY SYSTEM AS-BUILT DRAWINGS
 
'16 -R
 
FOR 
THE COLUMBIA 
DIST. 77-98 
GAS SERVICE CORPORATION 
COLUMBUS, OHIO 
CONSULTING 
ENGINEERS : 
H.A. WILLIAMS 
COLUMBUS, 
& ASSOCIATES, INC. 
OHIO 
ARCHITECT: KELLAM & SMITH, 
ARCHITECTS / PLANNERS 
COLUMBUS, 
INC. 
OHIO 
DRAWING INDEX; G-I 
G-2 
G-3 
ME-I 
ME-2 
ME-3 
SITE PLAN a FLOOR PLANS 
WALL SECTIONS 
ROOF PLAN a DETAILS 
MECHANICAL a ELECTRICAL 
FLOOR PLANS-T. 
SYSTEM DIAGRAMS a DETAILS 
ELECTRICAL ROOF PLAN 
a DETAILS 
S 
Em 
.. 
-- SITE LOCATION B 
--
./__ 
I " /~ " 
I-+ ) °'"' 
, 
/' 
+ 
" 
: 
N 
ORIGNA 
wFPOOR 
PAGE ] 
QIJAITY 
JS 
PLAN AT B,.t~r 
74~PAI ZO~u 
J O PLN I'W 
ENRYPWCSOLAROJ" 
F 
- -
A . 'f 2..... P 
-- I- 1V ' •t : I, l "L-' I:-- T 
A--A, 
9'" A =ji 
-. 
_L 
AlGH1A 
: 
-­ b-
Aoo : : '...e 
'i' 
- =-----
. 
' -' 
4 eHIGHLIGHTS BUILDING o-F jOFflSOLAR ENERGY PROJECT 
SECTOL-•U UM r 1 1 .iOU A 
­
An? ~~~~~T ALII t..V.OL d 
C~~PLTE 0 lflT HA'IG 
LLYD +-GEW. pt 
C~~~~~rte~IL '' I~TI~Ce. 0 
--
j2~~~~~~~- N------2' ----- -. -ONTN- - --
ITP - i&flPOLn'hI I 
.4-- hAHI-------i---op-I- --
-D. C 
Ecii__ Ronr ImTIJT- LLL' OCVS o~fT 
?~~~b &KIN MOTORTuEM~r~o 
I-D -T b--y ,65~oOV'IiLH(0 G9NKNMTHOT 6HE 
-41 __ __,I-
ITO TO~ I IO SHIGHL jIGTSr ABULDN4 
AlOTPA AO 4/6 TJ 4 
VO'Lf&ESrCSbG 
ll
UPESR$UI Roll I -K I 
HANGER D IL SOLAR WATER RETURN INTERFACE WA" 
IL 
4 -E _)UA 
SUPP ITDETAILC 
- - IX * 
SUPPORT'"C 9 R DETAIL T 
AGE TI . SL TNROTARYJOINT DETAIL VALVEDETAIL 
-CL--iI.I" - I - LS IG'I-. 
.. . 1 - - f~ -A l.tlr T-" ~ ~ A 
Ile­
7 SUPPORTDETAILORT 
HIGHLIGHTS BUILDINGI 
A - SUALR ~AILVENT DETAIL~fl 
4 44. 
ARiSUPPL WAEINTERFACEATE 
-- j- SYTE DIfl 
AIA - FLwrFA 
PARTIAL THIRD FLOOR pRIN PN A SDELEC. PLAN 
t~~ 
A~A, 
.. SMr. h....
.. . 

ROOF P SECTIONECMECH. At. .... ­
.. . -.. ISYMBOLS wr.....I OAR EENy POJ.. MECHANICAL 
kA SU.PPORT"d' ANCHORBRACING ;v 5 §tP5Av-I 
PATIAL FIRST FLOOR MECIH1EItEC. ROOM PLAN 
HIGHLIGHTS BILD.IN 
on's r'r, v'o~ps~p~v '""' 'ISOLAR ENERGY PRJC ­
ksop -~A'". THE COLUMBIAGASSEnVICECGHASNATICN 
FRAME 

1101,MUT FBA P tNJ,&AL ITY.
 
FOLDOUT SECIONAA M ­
FIXTURE SCHEDULE 
L~ 4[V CL S 6 ,,, TIN____ -wlw $l 
4--
ELECTRICAL LEGEND 
. . L 
/ 
CONTROLDIAGRAMNQ 
I 
I 
I-J 
SQ CHANGE OVER CONTROL WIRING By TCC. 
T-­
i ~~~~ELECTI1FL ROOF PLAN 
STARTER SCHEDULE 
_'-____T___CILU 
grlr 
( 
-L-
CH 
% 
AG OV ER CO R PORWIIN Y T -C 
•~~ . 
LiNCE 
T=... . 
ROOF J, 
___ 
." EMLAGEAR RROO 
........ 
[M 
as 
FIRSTL 
SLA 
T.E COLU...IA 
0 
IS B 
NERGY PRO7ECT 
GASSERVICECORPORATIGN 
Mn' ~~ELEVATION 
- - -M -
I3OLINE DIAGA- Of EMRGECT POWERSYSTEM -ro~­
117 1*19 10 212 3 4 S B I 1 12 1. 1. B 5 
9 
t1'599999. -P9%~~ -~-tic - 9.o t-1-1 1LLS 
1 V1213901 .9 
.­ 1 09910. Wol= 
I 90921195 29.9599 
&7@525-9 P91.99. 
T1P- 091141992199.919.9099 
1 121 ~9 510190 
0 2 3 4 0 07 09 I0 01 12 13 14 is isP0 0 02 
O3ooo~1*k00 1 blt. 30 (0-5 () o Io00 ±000070 ob 25 4)0-000r,. ooblo d 0 1d 3-t M-3fPIi )o 
000000 
.oooo~~~ltdb -,dpot(0 opopoo~oalo 
lo 01 **It*y*tt*oo*,totOit~l*00,1t 
0toopo~o (-
01 
00Otooot~ oo 
o1 000 ohl 
1*0P00*p~ 
00.10301100 
bi 
lot 0101100000000 0 1000000 100*00010 0000:PO01000-tIb.ooo oo iO oi- 40.000 
14 0 000 * 00 *0*0 h.00~00~1000oo. o ood 010.. 00o00 o~oy1000b0.00000.00 
-OWL -ooo-0* -o -dl -to 01, ooo01t 0-0 009-11.00000 I-I 41 "Lt000 o.0 1 itl. 
a. o tooool Olfootfioo oo  tottn~ otoi *00* 00 000000 * t*o iiol2oot1 i t .. 
t To10ooho . .. .21..t b oonooo 1 000 ol(11.ttt010 0 o0oroo2 
c n'a~~t1 02
r~rlAC o-t. 0 1 01 
0 0 0 
0010by01 
tOr-ooo 
o~tisbrt.oto 
.... .­.tOt fro t 3 0 0 
-3tob tooi.d..23 
- 0 00 1 0 
lo 13ot.o00 0*10 001011c 
%-pko 
...010I. 
Wool. 
~/t O loO 001.0oooooo IOPT dpooodtO~ 
I. 01t olrI 0Ott~t70014 1 oOO 1300,.000 000010000 30 0,000104010.p.Ooo*N0 00 lo 
01 1000.00 707041 tooo~tooooopCo. h.00000 *00t~. 1*hot 00000, 00 oo ~b 0000 tok 1 10 tot 
-ll01.0*1.hlo 000cpl*t0 bo 000I 11..*0 - oo k -. I 0~ofooy0oo..000­
001001l~VOOOV-000-follo~oo~ohoootooo 
-tt 1.-oooiloobolloo 
I.0100100.1000O otto. 1 **0 -oooo000000010 2- 00, 00.1lt 010- 0 t.OoodCo01100000 
F E N* 00*.(0Og~OlA00*Co.at 000 ltooloo 01*0.1 000 ok 0-000~hho~ot 
0- ±1 *0000 Oth"1 
001 00110 oltt 00.*100 oo 00 y-~. 10 hllp 
000 10 00=00001  tp ~,ol, 0 0001 100.i t poNOtlp00000,lI.­
-0 0 Cot-10*iooo 
*0010, tdloato00100 00*1 oitooob Oliootg 1 ooo to 0010* 00*0ooooopooo 
APPENDIX F.
 
ACCEPTANCE TEST PLAN
 
84 
Columbia Gas/Highlights Building Solar Energy System
 
Acceptance Test Plan
 
INDEX
 
I. Solar System Conformance to Installation Specifications ...... 85 
II. Solar System Operation Tests ................................. 86
 
A. Solar Collectors
 
B. Solar Heat Exchanger
 
C. Domestic Hot Water Heat Exchanger
 
D. Solar Collector Loop Pump
 
E. Solar Storage Loop Pump
 
F. Solar System Controls
 
III. Solar System Safeties Tests .................................. 93
 
A. Solar Collector High Temperature Safety
 
B. Solar Collector Over Travel Safety
 
C. Solar Collector High Wind Safety
 
D. Solar Collector Loop Flow Safety
 
E. Solar Collector Loop High Temperature Safety
 
F. Solar Collector Loop High Pressure Safety
 
G. Solar.Storage Loop High Pressure Safety
 
H. Electrical Power Interruption Safety
 
I. Other Safeties
 
85 
SECTION I
 
SOLAR SYSTEM CONFORMANCE TO INSTALLATION SPECIFICATIONS
 
The first phase of the Highlights Building solar energy system
 
acceptance test included an evaluation of the materials and workmanship
 
used during construction- This evaluation was conducted in order to
 
establish material and workmanship conformance with the Installation
 
Specifications for the project and compliance with the Highlights Building
 
solar energy system project construction drawings. This phase of the
 
Highlights Building solar energy system acceptance test has been completed.
 
Columbia retained an independent agency, H. A. Williams and Associates,
 
Consulting Engineers, to review all manufacturers' drawings and shop drawings
 
for all materials provided for the solar energy system. During their reviews
 
H. A. Williams rejected numerous manufacturers' drawings and shop drawings
 
for non-conformance with the Installation Specifications. The Installation
 
Specifications are part of the contract documents for the construction contract
 
between Columbia Gas and Sauer, Inc., the construction prime contractor. Manu­
facturers' drawings and shop drawings for solar system materials that were not
 
in compliance were revised and resubmitted, as required, until conformance with
 
the Installation Specifications was reached. H. A. Williams has maintained a
 
file of all rejected and accepted drawings for the solar system materials.
 
During construction, weekly inspections of materials delivered to the
 
construction site and inspections of the workmanship at the site were conducted
 
by H. A. Williams and Columbia Gas. These inspections were conducted to insure
 
that the construction was in conformance with the Installation Specifications
 
for the project and in compliance with the Highlights Building solar energy
 
project construction drawings. Additionally, the Department of Energy Contract
 
Officers Representative conducted several evaluations at the site during
 
construction.
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SECTION II
 
SOLAR SYSTEM OPERATION TESTS
 
The Highlights Building solar energy acceptance test will include
 
a test of the solar system under operating conditions. This section
 
outlines the solar system items to be tested, the solar system performance
 
requirements, and the method of test. Columbia has retained an independent
 
agency, H. A. Williams and Associates, Consulting Engineers, to observe
 
the operation tests and assure the solar system compliance with the per­
formace requirements. Additionally, the Department of Energy Contract
 
Officer's Representative will be informed prior to all operation tests.
 
A. Solar Collector Operation - Each individual solar collector row must
 
demonstrate the ability to track the sun automatically for all direct
 
radiation levels throughout the range of 100 BTU/hr-sq. ft. to 350 BTU/hr­
sq. ft. The method of test will be to observe the ability of the solar
 
collectors to focus the solar radiation on the absorber tube. These
 
operation tests will be conducted on five different days, not necessarily

consecutive, in which the direct solar radiation is 100 BTU/hr-sq. ft. or
 
greater for not less than four consecutive hours. Observations will be
 
made at 15 minute intervals throughout the test period of each of the five
 
days.
 
The'efficiency of the entire solar collector array will be measured
 
on five different days, not necessarily consecutive, in which the direct
 
solar radiation is 100 BTU/hr-sq. ft. or greater for not less than four
 
consecutive hours. For purposes of testing, the solar collector inlet and
 
outlet temperatures and the incident solar energy rate will be taken as
 
the average'of the readings taken at the beginning and end of a 15 minute
 
interval, i.e.
 
IAvg = 	 Average direct normal solar radiation for 15 minute testinterval. (BTU/hr-sq. ft.)
 
Ii = 	 Direct normal solar radiation at beginnning of 15 minute testinterval. (BTU/hr-sq ft.)
 
If = 	 Direct normal solar radiation at end of 15 minute test 
interval. (BTU/hr-sq. ft.) 
IAvg 	 2 f
 
2
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TAvg Inlet = TInlet, i 	+ Tlnletf
 
2
 
where: 
TAvg Inlet = Average temperature of fluid entering collector array (°F) 
TInlet, i = Temperature of fluid entering collector array at beginning 
of 15 minute test interval. (0F)
 
TInlet, f = Temperature of fluid entering collector at end of 15 minute
 
test interval. (OF)
 
TAvg Outlet 
 TOutlet, i + TOutlet, f 
2 
where: 
TAvg Outlet = Average temperature of fluid leaving collector array (0F) 
TOutlet, i = Temperature of fluid leaving collector array at beginning 
of 15 minute test interval (°F) 
TOutlet, f - Temperature of fluid leaving collector array at end of 15 
minute test interval .(0F) 
The efficiency of the solar collector array for each 15 minute test interval 
will be calculated from 
n = pOC CTAvg Outlet - TAvg Inlet) 
A IAvg 
where: 
p = density of solar collector loop fluid 
= volumetric flow rate of solar collector loop fluid 
Cp = specific heat of solar collector loop fluid 
A = solar collector aperature area 
During these tests the minimum 	average value of IAvg shall be 100 BTU/hr-sq.ft.
 
Also during the 15 minute interval the solar collector loop volumetric flow rate
 
must remain steady at 75.0 gallons per minute + 1.0 gpm.
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B. Solar Heat Exchanger Operation - The design maximum heat transfer rate 
of the solar heat exchanger is 600,000 BTU/hr and the design heat exchanger
 
effectiveness is 60%.
 
The solar heat exchanger effectiveness will be determined by measuring

the temperature,of the fluid entering and leaving the solar heat exchanger
 
from the solar collector loop and the temperature of the fluid entering and
 
leaving the solar heat exchanger from the solar storage loop. The heat
 
exchanger effectiveness will be determined from the equation:
 
= Chot (Thot, in - Thot, out) 
Cmin (Thot, in - Tcold, in)' 
or alternatively:
 
e 	 Ccold Tcold, out - cold, in)
 
Cmin (Thot, in Tcold, in)
 
where:
 
Thot, in = Temperature of fluid entering solar
 
heat exchanger from solar collectors (F)
 
Thot, out = Temperature of fluid leaving solar
 
heat exchanger and returning to solar
 
collectors (F)
 
Tcold, in = Temperature of fluid entering solar heat
 
exchanger from solar storage (OF)
 
Tcold; out = Temperature of fluid leaving solar heat 
exchanger and returning to solar storage (OF) 
Chot = Hot fluid capacity rate (BTU/hr - F) 
Ccold = Cold fluid capacity rate (BTU/hr - 0F) 
Cmin = 	the smaller of the Chot and Ccold magnitudes.
 
During the solar heat exchanger effectiveness measurement the solar collector
 
loop volumetric flow rate must be maintained at 75.0 gpm + 1.0 gpm and the
 
solar storage loop volumetric flow rate must be maintained at 95.0 gpm + 1.0 gpm
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C. Domestic Hot Water Heat Exchanger Operation - The design heat transfer
 
rate of the domestic hot water heat echanger is 345,000 BTU/hr. with 400F
 
entering water temperature, 1800F.storage tank temperature and with a
 
domestic hot water flow rate of 6.9 gpm.
 
The actual heat transfer rate of the domestic hot water heat
 
exchanger will be determined by heating the sqiar energy,storag6 tank to
 
1800F, adjusting the domestic hot water flow rate to 6.9 gpm + 0.1 gpm
 
and measuring the temperature of the water entering the domestic hot
 
water heat exchanger and the temperature of the water leaving the domestic
 
hot water heat exchanger. The actual heat transfer rate will be determined
 
from the equation:
 
q . (60min (231 cu. in.1 (cu. ft.) pQC (T - Tnlet) 
or q = 	 8.02 pQC (Toutlet - Ti nl et) 
where:
 
q = heat 	transfer rate (BTU/hr) 
p = density of domestic hot water (lb/cu ft) 
S= volumetric flow rate (gpm) 
Cp specific heat of domestic hot water (BTU/Ib OF)
 
Tinlet = 	temperature of water entering the domestic hot
 
water heat exchanger (OF)
 
Toutlet = 	temperature of water leaving the domestic hot
 
water heat exchanger (OF)
 
D. Solar Collector Loop Pump Operation - The solar collector 'loop pump 
is a Thrush Model 2 TV-2-L. The impeller on the pump has been trimmed to a 
7-5/16" diameter to deliver 75 gpm against a head of 50 feet. The pump was 
selected to deliver design capacity when operating with a 44% by volume 
Dowtherm SR-I and 56% by volume water solution. 
The method of test will be to. increase the discharge pressure on 
the pump until the volumetric flow rate decreases to 75.0 + 1.0 gpm. When 
a flow rate of 75.0 gpm is established.the pump power and current will be 
measured.. The current for the.-three phase pump motor should not exceed 6.8 
amps per phase at 75.0 gpm. Additionally,'the discharge pressure of the 
pump will be measured with a 75.0 gpm flowjrate to determine the operating 
point on the pump performance map. 
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E. Solar Storage Loop Pump Operation - The solar storage loop pump is
 
a Thrush Model 2 TV-2-L. The impeller on the pump has been trimmed to
 
7-5/16 inch diameter to deliver 95 gpm against a 45 foot head. The pump
 
wa selected to deliver design capacity operating with water.
 
The method of test will be to increase the pump discharge pressure
 
until the volumetric flow rate decreases to 95.0 + 1.0 gpm. When a flow
 
rate of 95.0 gpm has been established the pump power and current will be
 
measured. The current for the three phase pump motor should.not exceed
 
6.8 amps per phase at 95.0 gpm. Additionally, the discharge pressure of
 
the pump will be measured with a 95.0 gpm flow rate to determine the operating
 
point on the pump performance map.
 
F. Solar System Controls Operation - Tests will be conducted to establish 
that the solar system controls are capable of selecting the proper mode for
 
the solar system based on the state of the prevailing conditions. There are
 
five different two-position automatic controllers and one two-position manual
 
control for the solar system. The manual control is a Heating/Cooling master
 
controller that resets the control points of another controller. The pre­
vailing conditions to which the automatic controllers respond are as follows:
 
H = 	 Total solar radiation on a surface tilted at 400 to the 
horizontal (BTU/hr-sq. ft.) 
TI = T3 = Solar Collector loop fluid temperature at the inlet to 
the solar heat exchanger (0F)
 
T2 = 	T5 = Solar energy storage tank temperature (0F)
 
In allthere are 32 possible winter heating modes and 32 possible
 
summer cooling modes. However, the control system has built in interlocks
 
which prevent undesirable modes of system operation. The allowed number of
 
system operating modes is36 (18 space heating modes and 18 space cooling
 
modes). These 36 modes are listed in Tables 1 and 2.
 
The method of test will be to systematically exercise the solar system
 
controllers by providing all of the 36 combinations of temperatures, solar
 
radiation, and position of the heating/cooling manual control. With these 36
 
combinations of conditions, the control system will be checkedto determine
 
if the solar system component status and solar system-status is as prescribed
 
inTables 1 and 2.
 
COLUIA/HIGHLIGHTS BUILDING SOLAR ENERGY PROJECT 
SPACE HEATING MODES 
PREVAILING CONDITIONS - - SYSTEM STATUS - SYSTEM COMPONENT STATUS 
Solar Collector Storage H.X.Bypass 
System 
Mode H;P125 T3>OF TI>T2 T5> ISOF T5>230F 
Solar Energy 
To Storage 
Building 
Heat Source 
Collector 
Position 
Loop 
Pump 
Loop 
PuRp 
Valve 
Position 
H-S-i Yes Yes Yes Yes Yes No Solar Down' On On H.X. 
H-S-2 Yes Yes Yes Yes No Yes Solar Up On On H.X. 
H-S-3 Yes Yes Yes No No Yes Boiler Up On On H.X. 
H-S-4 Yes Yes No Yes Yes No Solar Down On Off H.X. 
H-S-5 Yes Yes No Yes No No Solar Up On Off H.X. 
H-S-6 Yes Yes No No No No Boiler Up On Off H.X. 
H-S-7 Yes No No Yes Yes No Solar Down On Off Bypass 
H-S-, Yes No No Yes Ho Ho Solar Up On Off Bypass, 
H-S-9 Yes No No No No No Boiler Up On Off Bypass 
H-S-9 Ho Yes Yes Yes Yes No Solar Down Off Off H.X. 
H-NS-2 No Yes Yes Yes No No Solar Down Off Off H.X. 
H-NS-3 No Yes Yes No No No Boiler Down Off Off H.X. 
H-NS-4 No Yes No Yes Yes No Solar Down Off Off H.X. 
H-NS-5 No Yes No Yes No Ho Solar Down Off Off H.X. 
H-NS-6 No Yes No No No No Boiler Down Off Off H.X. 
H-NS-6 No No No Yes Yes No Solar Down Off Off Bypass 
H-NS-7 No No No Yes No No Solar Down Off Off Bypass 
H-NS-9 No No No No No No Boiler Down Off Off Bypass 
TABLE 1. SPACE-HEATING MODES 
* COLU!'P3lAtiCG-LICGHTS CUILOENG SOLAR Er;NRGY PROJECT 
SPACE COOLING MODES
 
PREVAILING CONDITIONS "' SYSTEM STATUS - - . -SYSTEM COMPONENT STATUS 
System
Mode H';125 T3)-8OF Tl>T2 T5 >lSOF T5>230F 
Solar Energy 
To Storace 
Building
Cooling
Source 
Solar 
Collector 
Position 
Collector 
Loop 
Pump 
Storage
Loop 
PumL 
H.X.Bypass
Valve 
Poiin 
C-S-I Yes Yes Yes Yes Yes No Solar Down On On H.X. 
C-S-2 Yes Yes Yes Yes No Yes Solar Up On On H.X. 
C-S-3 Yes Yes Yes No No Yes Boiler Up On On H.X. 
C-S-4 Yes Yes No Yes Yes No Solar Down On Off H.X. 
C-S-5 Yes Yes No Yes No No Solar Up On Off H.X. 
C-S-6 Yes Yes No No No No Boiler Up On. Off H.X. 
'C-S-7 Yes No No Yes Yes No Solar Down On Off Bypass 
C-S-8 Yes No No Yes No No Solar Up On Off Bypass 
C-S-9 Yes No No No No No Boiler Up On Off Bypass 
C-NS-I No Yes Yes Yes Yes No Solar Down Off Off HX. 
C-NS-2 No Yes Yes Yes No No Solar Down Off Off HX. 
C-NS-3 No Yes Yes No No No Boiler Down Off Off HX. 
C-NS-4 No Yes No Yes Yes No Solar Down Off Off H. X. 
C-NS-5 No Yes No Yes No No Solar Down Off Off H.X. 
C-NS-6 No Yes No No No No Boiler Down Off Off HX. 
C-NS-7 No No No Yes Yes No Solar Down Off Off Bypass 
C-NS-8 No No No Yes No No Solar Down Off Off Bypass 
C-NS-9 No No No No No No Boiler Down Off Off Bypass 
TABLE 2. - SPACE COOLING MODES 
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SECTION III
 
SOLAR SYSTEM SAFETIES TESTS
 
The Highlights Building solar energy acceptance test will include
 
a test of all of the safeties for the system. This section outlines the
 
solar system safeties to be tested, the operational requirements and the
 
method of test. Columbia has retained an independent agency, H. A. Williams
 
and Associates, Consulting Engineers, to observe the testing of the system
 
safeties and to assure that the system safeties are operating as specified
 
in the Installation Specifications. Additionally, the Department of Energy
 
Cdntract Officers Representative will be'informed prior to tests of-the
 
system safeties. The following safeties will be tested.-

A. 	Solar Collector High Temperature Safety - Each individual solar collector
 
In the event the absorber
row-has a temperature sensor on the absotber tube. 

tube reaches a temperature of 260'F or greater, the unit controller for that
 
This safety prevents
collector row will return the row to the "stow" position. 

the Dowtherm SR-l fluid in the primary loop from reaching temperatures at which­
dedomposition of the fluid would occur. This safety would prevent an individual
 
collector row that experienced a flow blockage from exceeding 260°F when the
 
remainder of-the total solar collector array might be operating at temperatures
 
well below 260'F.
 
The method of test will be to block the flow in one collector row with
 
the total array in operation. The temperature of the absorber tube of the
 
collector row with no flow will be measured. The absorber temperature required
 
to return that collector row to the "stow" position must be 2600 + 10F. This
 
test sequence will be repeated for each solar -collector row.
 
B. Solar Collector Over Travel Safety - Each individual solar collector row
 
has two top push roller switches that sense the end of the arc of normal travel
 
by contacting cam lobes. One top push roller switch senses the end of the
 
normal travel-in the forward travel direction for the collector. The other
 
top push roller switch senses the end of normal travel in the reverse travel
 
direction. .
 
Each individual solar collector row also has two over travel switches.
 
The over travel switches are whisker switches that, in the event of a top push
 
roller switch failure, sense when an individual collector has traveled past the
 
end of-the arc of normal travel. One whisker switch is used to sense over travel
 
in the forward travel direction and another whisker switch detects over travel
 
in the reverse travel direction of the collector.
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The method of test will be to check the operation of both whisker
 
switches for all rows. For one row of solar collectors at a time, the cam
 
lobes for the top push roller switches will be moved in order to defeat the
 
normal travel control. The solar collector row will then be powered in the
 
forward direction. The forward over travel whisker switch must contact the
 
solar collector panel and stop the drive motor. The same solar collector
 
row will then be powered in the reverse direction. The reverse over travel
 
whisker switch must contact the solar collector panel and stop the drive
 
motor. The same method of test will be applied to each individual row of
 
collectors.
 
C. Solar Collector High Wind Safety - The single axis tracking solar
 
collectors have a safety to prevent damage to the solar collectors that might
 
occur with extremely high winds. With wind speeds of approximately 90 mph

and with the solar collectors tilted at a maximum angle of 63' to the horizontal
 
(which occurs on December 22nd) there is a potential for permanently distorting
 
or breaking the solar collectors.
 
The solar system field controller has a WeatherMeasure Model W161
 
wind control that senses the wind speed and (through associated logic circuits)

.will return the entire collector field to the "stow" position. The "stow"
 
position for the solar collectors is a horizontal position where the wind drag
 
is less.
 
The method of test will be to adjust the wind speed controller set point
 
below the ambient wind speed and observe if the solar collector field is driven
 
to the "stow" position.
 
D. Solar Collector Loop Flow Safety - With the 40 to 1 concentration ratio of 
this solar collector, it is necessary to have flow in the absorber tube to prevent 
temperatures from exceeding the 280°F maximum working temperature of the 
Dowtherm SR-I/water solution. Therefore, the solar collector loop has a safety 
system that prevents the solar collectors from tracking the sun when the solar 
collector loop pump is not producing pressure and flow. 
The method of test for the safety system will be to simulate a solar
 
collector loop pump failure by turning the solar collector loop pump off. The
 
Honeywell differential pressuretrol unit that is installed across the solar
 
collector loop pump must sense the loss of pressure differential and automati­
cally return the entire solar collector field to the "stow" position.
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E0 Solar Collector Loop High Temperature Safety - Under normal operating
 
conditions the Highlights Building Solar Energy System controls will turn
 
the solar collectors away from the sun when the solar energy storage tank is
 
"full". That is, after the solar energy storage tank reaches approximately

230 0F, the control system will turn the solar collectors to the stow position.
 
Besides this normal temperature control on the storage tank, the solar
 
collector loop also has a safety circuit that prevents the Dowtherm SR-l
 
fluid from reaching temperatures at which decomposition of the fluid would
 
occur In the event the solar collector loop temperature reaches 250OF the
 
solar collector temperature safety will return the solar collectors to the
 
stow position.
 
The method of test will be to turn the solar collector loop pump
 
on. The solar collectors will be allowed to track the sun and collect energy

and no energy will be removed from the solar collector loop flow. The tem­
perature of the closed solar collector loop fluid will increase. At the
 
point the solar collector loop temperature reaches 250OF + 10OF the solar
 
collector temperature safety must return the solar collector field to the
 
stow position.
 
F. Solar Collector Loop High Pressure Safety - The solar collector loop

for the Highlights Building solar energy system has a Watts No. 174A, 3/4-

Inch relief valve. The valve is ASME rated and approved. The valve construc­
tion features .abronze body with non-metallic disk-to-metal seating. The
 
pressure relief set point is 60 psi and the valve has a National Board Certi­
fied Rating of 1,100,000 BTU steam discharge capacity.
 
The method of test will be to slowly pressurize the solar collector
 
loop using a compressed air pressure supply and pressure regulator. The pressure
 
at which the pressure relief valve starts to discharge water will then be
 
measured with a calibrated pressure gauge.
 
G. Solar Storage Loop High Pressure Safety - The solar storage loop for the
 
Highlights Building solar energy system has two Watts No. 174A, 3/4-inch relief
 
valves. One relief valve is located on the solar energy storage tank and the
 
other relief valve is located in the solar storage loop plumbing adjacent to
 
the heat exchanger. Both valves are ASME rated and approved and have bronze
 
body construction with non-metallic disk-to-metal seating.' Both pressure reliefs
 
are set at 30 psi and each valve has a National Board Certified Rating of
 
650,000 BTU steam discharge capacity.
 
The method of test will be to slowly pressurize the solar storage loop
using a compressed air pressure supply and a pressure regulator. The pressure 
at which the first pressure relief valve starts to discharge will be determined 
with a calibrated pressure gauge. 
96 
H. Electrical Power Interruption Safety - The Highlights Building solar energy 
installation has a 40 to 1 concentration ratio collector. Ifthe solar collector 
is focused on the sun and collecting energy, it is necessary to have flow 
in the absorber tube to prevent the temperature of the Dowtherm SR-i collector 
loop fluid from exceeding its 280°F maximum working temperature. In the 
event of an electrical power failure the flow in the solar collector loop 
would stop. Therefore, a standby electric generating system was installed 
to provide electric power to power the solar collector loop pump and to power 
the solar collectors to the stow position in the event of a electric power 
failure. 
The standby electric generating system will be tested by throwing a
 
main power breaker for the building to the "off" position. The automatic load
 
transfer control must sense the loss of power, start the standby electric
 
generator, and automatically switch the electrical load of the solar collector 
loop pump and the solar collector motors to the electric generator. The main
 
power breaker will then be returned to the "on" position. The automatic load
 
transfer control must sense the return of normal building electrical power,
 
switch the electrical load of the solar collector loop pump and the solar
 
collector motors back to normal building electric power, and turn off the
 
standby electric generator.
 
I. Other Solar System Safeties - The Highlights Building solar energy system 
has several other safety features. Guardrails have been welded in places 
around the edges of the roof where people may walk. Safety belts and sunglasses 
have been provided for all solar collector maintenance personnel. 
Temperatures of 500OF were measured on surfaces near the focal point
 
of the solar collector. These areas have all been insulated and shielded with
 
highly reflective material. Surface temperatures have been reduced to a much
 
safer temperature of 150OF maximum.
 
Electric motors are protected from electrical overload using standard
 
methods. The gas fired boiler has built in safeties per AGA and ANSI standards.
 
APPENDIX G.
 
SOLAR COLLECTOR PAIEL DAMAGE ANALYSIS
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APPENDIX G.
 
SOLAR COLLECTOR PANEL DAMAGE ANALYSIS
 
The parabolic solar reflectors were fabricated by
 
11exel Corporation with a 0.020 inch aluminum sheet adhesively
 
bonded on both sides of an-expanded aluminum honeycomb core.
 
Honeywell reinforced the parabolic shape with expanded aluminum
 
honeycomb braces or "strongbacks" as shown on Figure 10, page 27.
 
These stiffening ribs were permanently mounted with epoxy adhesive,
 
but were positioned and held in place by aluminum angle and screw
 
fasteners until the epoxy set. Water penetrated the back side of
 
the solar reflectors through these screw fastener holes and enter­
ed the expanded honeycomb cell structure.
 
During the winter of 1978-1979, the first winter of
 
operation, the panels were exposed to a series of freeze-thaw cycles.
 
The water trapped in the honeycomb cell structure expanded upon
 
freezing and pushed the 0.020 inch aluminum surface out on the
 
.reflector (concave) side of the aluminum panel. The aluminum skin
 
separated from the aluminum honeycomb causing a "bump" or "blister"
 
,on.the reflector surface. As more freeze-thaw cycles occurred,
 
additional moisture would penetrate adjacent cells exposed by the
 
blister. Table 5 presents details on the location, number and
 
size of the blisters on all 44 reflector panels.
 
During the summer of 1979, Columbia caulked and sealed
 
all of the screw holes in the reflector panels and painted the
 
.surfaces of the stronjback and the adjacent surfaces on the
 
backside or convex side of the parabolic panel. This procedure
 
98 SIZE & LOCATIONREFLECTOR DISTORTION 
N 
W E 
West Panel 
Row 11 none 
Row 10 FS 
Row 9 FS 
1q 
I ow 8 none 
Row 7 3 ea long narrow 
Row 6 8 ea 6-10" dia. 
Row 5 3 ea long narrow 
Row 4 SS 
Row 3 large distortions 
of top edge 
Row 2 none 
Row 1 large distortions 
of top edge 
West Center 

Panel 

FS 

FS 

FS 
3 ea long narrow 

SS + edge 

distortion 

SS 

SS 

none 

FS 

4 ea 7-8" dia. 

FS 

East Center
 
Panel 

none 

SS + 1 ea 
long narrow
 
SS 

1 ea'long narrow 

1 ea long narrow 

edge distortion
 
1 ea-3" dia. 

SS 

SS + edge 

distortion
 
8 ea 3-4" dia. 

1 ea 7" dia. 

none-

East Panel
 
FS
 
l ea long narrow 
SS
 
1 ea 7" dia.
 
FS
 
SS
 
1 ea 6" dia.
 
l ea long thin
 
SS
 
FS
 
SS
 
Key: SS = several small, more than 5 in number but generally less 
than 2 inches in diameter 
FS = few small, 5 or less in number and all less than 2 inches 
in diameter 
TABLE 5 
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has greatly retarded if not eliminated further panel damage
 
during the winter of 1979-1980.
 
Each 16 foot long reflector panel at the Highlights
 
Building solar installation is fabricated from two 8 foot
 
long sections that are joined together into a single panel.
 
This joint can be seen as the white line to the left of the
 
blister shown in Figure 16 on page 50. Table 6 presents a
 
histogram of panel surface area distortion for all of the 8 foot
 
long sections of panel in each of the eleven collector rows, or
 
a total of 88 panels. It has been calculated that the surface'
 
area of the reflector panel that has been permanently distorted
 
by this freeze damage is approximately four-tenths of a percent
 
of the total solar collector reflector surface.
 
REFLECTOR PANEL FREEZE
 
DAMAGE HISTOGRAM 
Panel Designation
 
20-
 e 	First Digit = Collector Row 
Number, South Row = 11,1 
 a Second Digit = Panel 
1,5 Number, East Panel = 1 
2,1 
2,515- 2,74,1 2,8 1,2
 
4,4 3,8 1,4
 
4,8 4,7 1,6
 
010. 5,1 5,3 2,2 1,7
 
O-5,5 6,2 2,4 2,6

4-1
.0 6,1 .6,8 3,6 3,5 3,2 
0 7,1 7,6 3,7 4,3 3,3 
mh7,5 9,1 .5,2 5,7 4,2 
8,7 9,4 5,6 5,8 4,6 
z 5. 8,8 9,5 6,3 8,1 5,4 1,3 2,3
 
9,8 19,6 6,4 8,2 6,7 3,1 4,5
 
10,7 9,7 7,7 8,4 7,8 6,6 8,5
10,8 11,2 9,3 9,2 8,6 
 7,2 10'l
 
1 ,6 ,4
1 1l 0,5 0,4 
 11 1l
II,8 11,7 	 7,4 0,2
11,5 10,6 11,3 8,3 10,3 3, 1B
 
0-8 9-17 18-26 27-35 
-36-44 45-53 54-62 63-71 72-

Total Area of Surface Damage for Each Panel (Square Inches)
 
TABLE 6 
 0 
APPENDIX H.
 
SOLAR COLLECTOR COUNTERWEIGHT SYSTEM DESIGN
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APPENDIX H.
 
SOLAR COLLECTOR COUNTERWEIGHT SYSTEM DESIGN
 
It was determined visually that if the solar collector
 
flux line was focused exactly on the absorber tube in the middle
 
of each row then the flux line would be focused below the absorber
 
tube at the ends of most of the collector rows. Columbia estimated
 
the distributed torque on the torque tube from the geometry and 
weights of the Honeywell solar collector components. A 16 foot 
long solar collector panel is fastened to torque tube number 1 
shown in Figure 25. A 9 inch long, 1-3/4 inch diameter, solid 
shaft extends through a support bearing and connects torque tube 
number 1 to torque tube number 2. Another 16 foot long solar 
collector panel is mechanically fastened to torque tube number 2. 
The following is the estimated total torque, T 
max 
Estimated
 
Estimated Number Per Distance to 
Weight Half Row Centroid 
(Pounds) (Inches) 
Torque 
(inch­
(pounds) 
Absorber Tube Assembly 72.4 2 46 67-00 
Reflector Panel 215.1 2 7.5 3200 
Support Arms, tubes, 8.3 2 
insulation, etc. 
24 400 
Estimated Total Torque, Tmax = 10,300 
TABLE H-1
 
Figure 25 presents the hypothesized state of torsion in the torque
 
tubes and connecting shaft.
 
TORQUE TUBE TORSION 
Tmax 
z0 
wa: 
0 
T mox 
2 
DISTANCE FROM SPEED REDUCER 
REDUCER TORQUE TUBE #1 
SHAFTSUPPORT 
TORQUE TUBE #2 
BEARING 
-16' 
- . I6' 
FIGURE 25 
oCD 
N) 
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The following is an estimate of the angle of twist in
 
the two torque tubes and the intermediate shaft. The analysis
 
neglects the torsional stiffness of the reflector panels.
 
A. Angle of Twist' - Torque Tube #1-

E1 = T(X) dx (1) 
T max 
2 
+ max 
2k 
(L-x) dx 
KG 
E1)= 
T £ 
max 
2KG 
+ 
T x 
max i 
2k KG 
-
T x 
max 
4k KG 0 
T 9.Tmax 
2KG 
+ 
2P 9 
max 
22 KG 
-
2T £ 
max 
42 KG 
E) 
3-T 9. 
max 
4 KG 
(2) 
Units: 
01 
Tmax 
k 
G 
K 
radians 
inch-pounds 
inches 
pounds per square inch 
Inches to the fourth power 
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For a hollow box section compute K as:
 
2 2
 
K 2tt1 (a-t) (b-ti) (from reference 1 or
 t1
at + bt1 - -tj1 see reference 2 for an 
alternative) 
For this torque tube: 
a = 4 inches 
b = 4 inches 
t 1/8 inch
 
t= 1/8 inch
 
K 7.2732 in
 
Now compute 01 ,the angle of twist for torque tube #1:
 
01 = 3 	Tmaxz (2)
 
4KG
 
01 = 	 (3) (10,300) (16) (12) 
(4) (7.2732) (12,000,000)
 
01 = 	 0.0170 radians
 
81 = 	 0.9740
 
B. Angle of Twist - Intermediate Shaft
 
TZ
02 = 

GJ 
4 4 
J = nd = (3.14) (1.75) 
32 32 
J = 	 0.9208 
02 	 (10,300) (9)
 
(0.9208) (12,000,000)
 
E2 = 	 0.00839 radians
 
02 = 	 0.481'
 
Formulas for Stress and Strain, Roark, page 196
 
2 Advanced Mechanics of Materials, Seely and Smith
 
2nd Edition, page 276
 
105 
C. Angle of Twist - Torque Tube #2
 
3 =T(x) dx 
fo KG. 
fo [Tmax (Z-x)1 dx 
03 = . KG[
 
03=T xt T x 
)3 max - max 
2R KG 0 4X KG o 
T 2. 
03 = 1 max 
4 KG 
E3 = (10,300) (16) (12)
-(4) (7.2732) (12,000,000. 
03 0.00566 radians
 
0.3250
E3 = 
D. Total Twist
 
Combining A, B and C Above: 
6 = 01 + 02 + 03 
o 0.9740 + 0.4810 + 0.325'I 
6 = 1.780 q 
The effect of a total angle of twist (AO) of 1.7800
 
is shown in Figure 26. Note that the absorber tube position at
 
the end of each solar collector row is shown to rotate (down)
 
by'an angle NO. However the flux line rotates (down) by an
 
angle 2 AG.
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TORQUE TUBE TWIST 
Z- POSITION OF REFLECTOR 
AT END OF ROW 
POSITION OF REFLECTORAT CENTER OF ROW 
SULYL-FjSIGT VECTO 
NORMAL TO PARABOLIC SURFACE-
CENTER OF ROW 
• 	 PIVOT 
POINT 
/--/'! 	 \TORQUE
 
TUBE 
NORMAL TO PARABOLIC 
SURFACE-END OF ROW 
/ 2AoIII	 \ 
/POSITION AT CENTER OF ROW 
POSITION AT END OF ROW 
FIGURE 26 
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With this total angle of twist of the two torque tubes
 
and the intermediate shaft, it can be seen from Figure 26 that
 
if the flux line is focused exactly on the absorber tube in the
 
middle of each row none of the -flux line will be focused on the
 
absorber tube at the ends of the collector rows. From the
 
geometry of the problem it is calculated that (given the center
 
of the flux line on the center of the absorber tube in the middle
 
of the row) the center of the flux line will be 1.50 inches below
 
the center of the absorber tube at the end of each row. Since
 
the diameter of the absorber tube is 1.25 inches, the center of
 
the flux line will be 0.875 inches below even the bottom edge of
 
the absorber tube at the end of each row.
 
The predicted droop of the flux line of 1.50 inches
 
below the center of the absorber tube is very close to actual
 
droop of the flux line measured in the field. Therefore, the
 
assumption on page 103 (which neglects the torsional stiffness
 
imparted by the reflector panel) may be reasonable.
 
A counterweight was designed to counteract the torque
 
applied to the torque tubes by the solar collector panels and
 
the absorber tube assemblies. To simplify fabrication an all
 
steel counterweight was designed. Cheaper material alternatives
 
exist for larger production quantities.
 
The counterweight includes a stack of 8 inch x 8 inch x
 
3/4 inch hot rolled steel plates at the end of a 40-3/8 inch long
 
lever arm. The lever arm is fabricated from 2-1/2 inch schedule
 
40 pipe welded to a metal U-clamp as shown in Figure 27, page 52.
 
The dimensions of the counterweight are shown schematically on
 
Figure 27. Each plate weights 13.5 pounds and the schedule
 
SOLAR COLLECTOR
 
COUNTERWEIGHT DESIGN 
4 PLATES
 
2-1/2" DIA. PIPE 
IML
 
38"
 
FIGURE 27
 
OC
 
0 
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40 pipe weighs 11 pounds. The total moment exerted by each
 
counterweight is 2500 inch-pounds when 4 steel plates are used.
 
Each solar collector row was retrofitted with six
 
counterweights, three on each half row. This was done to dis­
tribute the counterweights in a manner equal and opposite to
 
the distribution of the torsional loading of the solar collector
 
absorber tubes and panels.
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APPENDIX I.
 
SOLAR ENERGY UTILIZATION
 
Columbia-'s technical proposal dated November 18, 1976
 
to U.S. DOE projected that the proposed solar energy system
 
would collect 632 million BTU/year and utilize, i.e. deliver to
 
the building loads, 569 million BTU/year. The building thermal
 
demand was projected to be 1,728 million BTU/year, and the solar
 
fraction was estimated to be 33 percent. The following is a
 
discussion of the major elements of the solar energy system design
 
and performance that affect seasonal solar energy utilization.
 
A. Building Thermal Load
 
Columbia's technical proposal, pages 11-35, 11-36 and
 
11-37, projected the Highlights Building natural gas consumption
 
to be 2,656 Mcf for the year 1976. From measurements of the
 
Highlights natural gas boiler instantaneous efficiency it was
 
estimated that the boiler seasonal efficiency was 65 percent.
 
The building's annual thermal energy requirement was, therefore,
 
estimated to be:
 
Annual Thermal = 2,656,000 x 1000 x 0.65
 
Energy Requirement
 
= 1,728 million BTU/year
 
The actual natural gas consumption in 1976 was 2710 Mcf
 
(vis-a-vis estimated consumption of 2656 Mcf). However, for the
 
reasons discussed in Section III, pages 8 and 9 of this report,
 
the control schedule for the Highlights.Building has been changed
 
and the building natural gas consumption in 1979 was 4555 Mcf.
 
The current building annual thermal energy requirement is there­
fore estimated to be:
 
Current Annual = 4,555,000 x 1000 x 0.65
 
Energy Requirement
 
= 2,961 million BTU/year
 
B. Solar Collector Efficiency
 
Page 11-9 of Columbia's technical proposal presents
 
Honeywell's estimate of the Honeywell single axis tracking solar
 
collector efficiency. Based on the temperature range of interest
 
for the Highlights Building (2000 F) and based on the Honeywell
 
efficiency information provided in April of 1976 the solar collector
 
instantaneous efficiency was estimated to be 70 percent of direct
 
solar radiation. Seasonal solar collector efficiency was estimated
 
to be 58 percent of direct solar radiation.
 
Actual-efficiency of a Honeywell single-axis tracking
 
solar collector was determined experimentally at Honeywell late
 
in 1978. The measured peak efficiency of a single solar collector
 
panel operating at 200OF was 64 percent of direct solar radiation.
 
This efficiency is for a single solar collector panel with the
 
absorber tube precisely hand adjusted and located .at the focal point
 
of the parabola, with fine tuning of the sun tracking electronics,
 
with a clean absorber tube, with a clean cover'glass, and with a
 
clean FEK 244 reflector surface. Further, the solar collector
 
efficiency testing does not include any heat losses for iniet and
 
outlet plumbing to the solar collector absorber or for heat losses
 
in the solar collector mains.
 
Detailed studies by Sandia Laboratories in Albuquerque,
 
New Mexico and Jet Propulsion Laboratory show that the performance
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of high concentration ratio reflecting surfaces and selective
 
absorber coatings are affected and degraded by soiling. For
 
example, specular reflectance of a reflecting surface can be
 
reduced between 5 and 10 percent within a few months.
 
On any given day with direct solar radiation above
 
200 BTU/hr-sq. ft., the solar noon efficiency of the Highlights
 
solar collector array will usually be between 48 and 52 percent,
 
or 12 to 16 percent below the efficiency of a single solar
 
collector panel on a test stand. This difference is probably
 
fully accounted for by the combined effects of the following:
 
o 	Losses due to absorber tube dirt.
 
o Losses due to cover glass dirt.
 
a Losses due to reflector panel dirt.
 
o 	Normal thermal losses from solar collector inlet
 
and outlet plumbing to each solar collector row
 
and plumbing between panels within a row.
 
o 	Normal thermal losses from solar collector array
 
field plumbing and mains.
 
None of the above items are present in a single day
 
test of a single solar collector panel on a test stand. However,
 
in an operating solar collector field all of these losses are
 
present to some degree. Any one of the above items can represent
 
some several percent of the difference in efficiency between a
 
single solar panel and an operating solar collector array where
 
the efficiency of the array is measured at the inlet and outlet
 
heat transfer fluid mains at the boundary of the solar collector
 
field.
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C. Solar Radiation Availability
 
Columbia used solar radiation information for Columbus, 
Ohio that was available at the time the technical proposal was 
prepared. The beam solar radiation on a plane tilted at 400 was 
estimated to be 327,929 BTU/ft2-year. As presented in Section 
VIII, page 61 of this report, the actual direct solar radiation 
on a surface tilted at 40 degrees in Columbus, Ohio in 1979 was 
262,063 BTU/ft2-year. 
D'. Solar System Losses
 
Based on computer simulations of the Highlights Building
 
solar energy system the solar thermal energy storage tank losses
 
and solar collector loop and solar storage loop warm-up/cool-down
 
losses were predicted to be 63,000,000 BTU/year, or an average
 
of 173,000 BTU/day. As discussed in Section VII, page 53 of this
 
report, storage tank losses, piping losses, and energy delivered
 
to the domestic hot water system currently range from 180,000 to
 
400,000 BTU/day as computed from data taken at the site. Because
 
the portion of this energy delivered to the domestic hot water
 
system fs unknown, the remainder, i.e. storage tank and piping
 
losses is also unknown. At this point, the original estimate of
 
storage tank losses and solar collector loop and solar storage
 
loop warm-up/cool-down losses appears reasonable. Our current
 
estimate of these losses remains at 63,000,000 BTU/year..
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E. 	Solar Collector Array Size
 
Columbia's technical proposal to U.S. DOE in November of
 
1976 proposed a solar energy collector array comprised of 12 rows
 
and 3324 square feet. For the reasons discussed in Section V,
 
pages 35-37 of this report, the actual installed solar collector
 
array has 11 rows and 2978 square feet.
 
F. Solar Energy Collected
 
The solar collector efficiency for the first seven months
 
of 1980 has averaged 33.8 percent of beam solar radiation, as dis­
cussed in Section VIII, page 59. Several improvements have been
 
made to the solar collectors during the first five months of 1980
 
as discussed in Section VIII. It is now expected that the solar
 
collector array will meet or exceed a 33.8 percent efficiency
 
annually. The annual solar system energy collection can be calcu­
lated from the information in paragraphs B, C and E.
 
Proposed:
 
Proposed FPredicted] Predicted Proposed
Solar Energy = Solr | Annual | Solar | 
Collected x Solar Collector-Radiation
Available] Collector Ix FArea
 [Efficiencyj
 
- 327,929 x 0.58 x 3324 
= 632 million BTU/year 
Current Estimate:
 
Current FAct ual ] FActual [Actual 
Estimate of Avlal 'Annal Solar 
Solar Energy = Radiation x |Solar x Collector]
Collected Available] Collector LArea
 
[Efficiency
 
262,063 x 0.338 x 2978
 
= 264 million BTU/year
 
1 
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G. Solar 	Energy Utilization
 
The annual solar energy utilization can be calculated
 
from the information in paragraphs D and F.
 
Proposed: 
Proposed
SolarEnergy = 
-Predicted]
Solar |Energy -
Predicted]
Solar |System ] 
Utilization Collected] [Losses 
= 632,000,000 - 63,000,000 
569,000,000 BTU/year
 
Current Estimate:
 
Current [Current Current
 
Estimate of Estimate of Estimate of
 
Solar Energy Solar EnergyJ - [Solar System

Utilization 	 Collected LLosses
 
264,000,000 
- 63,000,000
 
201,000,000 BTU/year
 
H. 	Solar Energy Fraction
 
The solar fraction as computed for the technical proposal
 
can be calculated from the information in paragraphs A and G.
 
Proposed:
 
Proposed Solar Proposed Solar Energy Utilization
 
Fraction Building Thermal Demand
 
569,000,000
 
1,728,000,000
 
0.33 
Current Estimate: 
Current Estimate = Current Solar Energy Utilization 
of 	Solar Fraction Current Building Thermal Demand
 
= 201,000,000

2,961,000,000
 
= 0.07 
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